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ABSTRACT 
 
The composition and effects of atmospheric dust on remote alpine lakes were 
investigated using geological and paleolimnolgical techniques. Short cores (< 50 cm long) were 
retrieved from five lakes on the eastern side of the Uinta Mountains, Utah. Sediment core 
chronologies are based on 210 Pb and 14C dates. Dust and lake sediment core samples were 
analyzed for their particle size distribution, mineralogy, and chemistry. Dust was fine grained   
(< 10 µm) and was enriched (i.e., 50X greater concentrations) in 31 major, minor and trace 
elements relative to local bedrock material. In lake sediments, changes in the concentrations of 
key dust elements were recorded beginning in ~ AD 1900. Elements that increased in all five 
lakes included metals (Bi, Pb, Sb, Sn) and the nutrient P. The metals Cu and Cd also increased in 
four lakes. These changes are coincident with European settlement, the onset of mining, and the 
intensification of agriculture. The findings of this thesis show that atmospheric deposition in the 
Uinta Mountains is unique in composition relative to the last several hundred years. Percentage 
organics also increased during this period indicating increased productivity. Cladocera 
community composition recorded changes potentially caused by variations in atmospheric 
deposition of Ca in this region, although results were inconclusive.  
 
 
Keywords: dust, alpine, Cladocera, paleolimnology, Uinta Mountains, Utah, anthropogenic, trace 
metals, phosphorous, calcium 
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CHAPTER 1 
 
INTRODUCTION 
 
1.1 Dust: A Global Perspective 
The sources, generation, transport and environmental effect of atmospheric particulate 
aerosols (i.e., dust) on a global-scale has been the focus of many studies over the last decade 
(Ginoux et al, 2001; Ginoux et al, 2003; Tegen et al., 2004; Zender et al, 2005; Propsero et al, 
2002). Model-based estimates of global dust emissions range from 1000-3000 Mt/yr and 
estimates of the global annual atmospheric dust load range from 8 to 35 Mt (Zender et al., 2005). 
Globally the most important sources of dust are arid or semi-arid regions of the world (Maher et 
al., 2010). The mobilization of dust from such areas is complex involving terrestrial (e.g., soil 
and topography) and atmospheric factors (Goudie, 2008). Dust generally originates in arid or 
semi-arid regions where annual rainfall is < 250 mm, there is little or no vegetation and there are 
strong winds (Prospero et al, 2002; Tegen et al., 2002; Washington et al., 2003; Maher et al., 
2010). Wet soil is generally less susceptible to erosion via wind than arid soils, and vegetation 
cover both stabilizes soils via root networks and protects soils from wind erosion. Because 
humans have greatly modified the Earth’s landscapes, human activities also have an impact on 
dust mobilization, and could account for up to 50% of global dust emissions (Tegen et al., 2004; 
Mahowald et al., 2004; Yoshioka et al., 2005). Several studies indicate that agricultural areas 
account for between 10 and 50 % of the global dust load (Tegen et al., 2004; Sokolik & Toon, 
1996; Tegen & Fung, 1995). Dust residency time in the atmosphere is closely linked to the size 
of the particle (Tegen & Lacis, 1996). Dust aerosols that undergo long-range transport generally 
have diameters < 20 µm (Shao, 2008). Generally, particles of this size are either directly uplifted 
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by wind, or are first bounced along the ground before complete uplift into the atmosphere; this 
process is referred to as saltation (Figure 1.1) (Shao, 2008; Kok, 2010; Pye, 1987; Pye, 1989). 
Particle sizes of < 2 µm have the longest atmospheric residency times, generally greater than a 
week (Tegen & Lacis, 1996; Kok, 2010). Dry deposition is the major process of dust deposition 
near dust source regions, whereas, wet deposition accounts for the fallout of far travelled dust of 
smaller particle size (< 2µm) (Tegen & Schepanski, 2009). Because dust travels great distances, 
it often affects areas far from where it originates. For example, North America receives twice as 
much dust from other continents than it emits each year (Ginoux et al., 2003). In fact, North 
America is considered a global dust sink of ~ 30 Tg per year (Ginoux et al., 2003). In general, 
the northern hemisphere is considerably dustier than the southern hemisphere (Maher et al., 
2010; Prospero, 1996a; Duce et al., 1991).  
During transport, dust aerosols can influence weather and climate by scattering and 
absorbing radiation and modifying cloud properties (Forster, 2007; Seinfeld & Pandis, 1998; 
Tegen & Lacis, 1996; Liao & Seinfeld, 1998; DeMott et al., 2010). Dust aerosols have also been 
shown to have an adverse effect on human health, primarily through respiratory illness related to 
particulate inhalation (Prospero, 1999).  
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FIGURE 1.1: Processes of surface particle uplift (modified from Pye, 1987). 
 
1.2 Dust in the Southwestern United States 
Dust generation and deposition, as well as dust composition in the desert regions of the 
southwestern US, have been the focus of several studies in recent years (Rehies & Urban, 2011; 
Rehies et al., 2009; Neff et al., 2008; Reynolds et al., 2007; Reynolds et al., 2001). Until 
recently, dust from regional sources has not received the same level of interest  as dust from 
global dust sources, such as North Africa and Central Asia (Rehies & Urban, 2011). Increased 
awareness of the effects of dust may be the reason for focus shifting to these regional events. In 
the Southwestern United States, dust storms, such as the massive 2011 event that occurred in the 
city of Pheonix, AZ, have been shown to have adverse effects on human health due to particulate 
inhalation, and in agricultural areas such storms can strip the land of the nutrient- rich surface 
soils. Atmospheric dust can be a significant vector of pollution and other airborne contaminants 
(Rehies et al., 2009). Although dust generation in the southwestern US generally occurs in areas 
of sparse vegetation, playa deposits, and anthropogenic activities (Reheis et al., 2002), the areas 
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affected are downwind and include remote, and what are often considered “pristine” regions 
(Reynolds et al., 2009). 
Climate and human landscape change have been shown to be increasing dust generation 
and transport in this region. The US southwest is predicted to undergo significant warming and 
increased aridity in coming decades (Diffenbaugh et al., 2008; McAfee and Russel, 2008). Such 
conditions will likely lead to increased dust loading into the atmosphere because vegetation 
cover will be reduced (Pye, 1987). In addition to the effects of climatic change, research has 
shown that in the last 150 years  human activities, including agriculture and industrial operations, 
have increased the  magnitude and altered the composition of atmospheric dust (Neff et al., 2008; 
Reynolds et al., 2009). Grazed and ploughed land has increased dust generation by as much as 
five times compared to vegetated areas (Reheis & Urban, 2011). Other research has shown that 
several trace elements that are geochemically distinctive from geologic sources and are 
significantly elevated in dust in the southwest US as a result of mining and industry (Reheis et 
al., 2009).  
 
1.3 Dust in The Uinta Mountains 
As discussed above, dust often affects areas distant to dust sources. Recent research has 
shown that alpine areas in the southwest US are being affected by dust (Neff et al., 2008; Painter 
et al., 2007). One such region is the Uinta Mountains, Utah, although research is relatively 
limited. Previous studies have hypothesized about the role that atmospheric dust deposition has 
had on soil chemistry (Bockheim & Koerner, 1997; Bockheim et al., 2000: Munroe, 2007), lake 
water and sediment chemistry (Reynolds et al., 2009), and lake biology (Moser et al., 2010). In 
the Uinta Mountains, a spatially extensive “alpine loess” cap has been reported (Bockheim et al., 
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2000). This calcium-rich loess cap is enriched in fine silt material, and because the underlying 
bedrock lacks calcium-bearing minerals, it has been suggested that the Uinta Mountains have, at 
times, been affected by long-distance transport of these minerals in dust. Reheis et al. (2009) 
noted that modern southwestern US dust is chemically similar to sediments from high alpine 
lakes of the Uintas (Reynolds et al., 2007a; Reynolds et al., 2009).  
Previous research has noted that many trace elements associated with mining and 
industry increased over the last ~ 150 years in lake sediments of Uinta Mountain lakes (Kada et 
al., 1994; Reynolds et al., 2009). Uinta Mountain lakes are located within tens to hundreds of 
kilometers from mining, industry, agriculture, and urban centers. The community composition of 
diatoms (an abundant freshwater algae) has changed as a result of increased metal inputs to Uinta 
Mountain lakes (Moser et al., 2010). A second shift in diatom community composition, 
occurring well before European settlement of the area and the onset of mining, was linked to 
increased lakewater pH, also suggested to be the result of changes in either the amount of dust 
being deposited or its composition (Figure 1.2) (Moser et al., 2010).  The link between 
atmospheric loading of calcium and increased lakewater  pH and acid neutralizing capacity 
(ANC) suggested by Moser et al. (2010) has been observed in the bulk snow chemistry of high 
elevation sites in Colorado following dust events (Figure 1.3) (Rhoades et al., 2010). A similar 
relationship can be seen in unpublished USGS data for bulk snow chemistry of the Uinta 
Mountains in years with higher calcium loading (Table 1.1). However, no research has 
specifically examined the actual composition of atmospheric dust entering the Uinta Mountains 
and compared it to locally available materials and the geochemical histories of lake sediments. 
The research presented in this thesis will address these questions and the potential impacts on 
aquatic ecosystems in the Uinta Mountains.    
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FIGURE 1.2: Ca/Ti and diatom community composition in Hidden Lake sediments (Uinta 
Mountains, Utah). The changing Ca/Ti ratio shows increasing Ca deposition from dust 
deposition. The diatom PCA axis 1 scores represent lakewater acidity (positive values represent 
more acidic conditions). Note that acidity decreases as atmospheric Ca decreases (Moser et al., 
2010). 
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FIGURE 1.3: Weekly snow chemistry samples at the Fraser Experimental Forest (3220 m a.s.l), 
Colorado. The shaded area represents sample points collected during a dust event (Rhoades et 
al., 2010) 
 
 
 
 
Table 1.1: Bulk snow chemistry from two Uinta Mountain sites showing elevated Acid 
Neutralizing Capacity (ANC) and pH in years with greater calcium deposition (highlighted in 
red). (USGS, unpublished data). 
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1.4 Dust and Aquatic Systems 
Far-traveled dust has long been recognized as a source of nutrients in terrestrial 
ecosystems (Swap et al., 1992; Chadwick et al. 1999; Field et al., 2010). Atmospheric dust 
transport and deposition in lakes is also a significant source of minerals and nutrients that affect 
lakewater chemistry and ecology (Wetzel, 2001). Atmospheric dust inputs play a role in the 
regulation of several key limnological variables such as lakewater pH and salinity through the 
addition of carbonates and major ions (Wetzel, 2001). These key limnological variables, in turn, 
affect the health of the lake, the community composition of primary producers and consumers, 
and the ability of lakes to support complex ecological systems (Smol, 2008). Kok (2010) 
suggested that the deposition of dust and its fertilizing effect on ecosystems may be substantially 
larger than previously believed. Dust deposition to lakes has a long-term natural variability, but 
also a short-term anthropogenic component. Human activities can significantly influence the 
chemical makeup of soils, lakewater, and lake sediments through atmospheric inputs (Oldfield & 
Dearing, 2003).  
Even remote lakes can be affected by long- range dust deposition (Charles & Norton, 
1986; Shotbolt et al., 2005) through nutrient and trace metal enrichment of the water column 
(Norton, 1986) which can have deleterious impacts on aquatic organisms (Mills & Schindler, 
1986). These lakes offer a unique opportunity to examine the far-reaching effects of 
anthropogenic activities because these sites are rarely located near any point source of 
pollution/contaminant emission. Owing to their isolation from direct human impacts, remote 
alpine lakes have recently been recognized as good sites to study the effects of long-distance 
pollution and climate change (Psenner, 1999; Lotter et al., 1997, Koinig et al., 1997; Mladenov 
et al., 2009).  Changes in the amounts and composition of dust can offer insight into changes in 
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aridity and soil stability, and sources of pollution. Using paleolimnolgical techniques at these 
sites it is possible to determine records of dust influx and composition. 
1.5 Paleolimnology 
Paleolimnology is the study of aquatic systems that uses the physical, chemical, and 
biological information preserved in sedimentary profiles to reconstruct past environmental 
conditions (Smol, 2008). Paleolimnology is a multi-disciplinary and cross-disciplinary science 
that uses biology, chemistry, and physics in combination with geology, climatology, hydrology, 
and pedology in order to examine long term environmental change and evaluate ecosystem 
health. The discipline operates on the foundation of two key principles: the Law of Superposition 
and the Principle of Uniformitarianism. The Law of Superposition was defined in by Nicholas 
Steno, considered by many to be one of the founders of modern geology, in his Dissertationis 
prodromus of 1669. He asserts that in any undisturbed system, sedimentary layers are deposited 
in a time sequence, with the oldest material on the bottom and the youngest material on top. The 
Principle of Uniformitarianism was first explained by James Hutton in his 1788 work Theory of 
the Earth; or an Investigation of the Laws observable in the Composition, Dissolution, and 
Restoration of Land upon the Globe. This principle is the assumption that the same natural laws 
and processes that operate in the universe currently have always been in place. Under this 
principle it can be assumed that things change gradually, and as a result, one can use modern day 
information to make inferences about the past.  
Paleolimnology is a powerful tool that can be used to reconstruct environmental histories 
in lieu of instrumental or written records. Usually, measurements of freshwater systems only 
extend as far back as instrumental recordings of environmental variables allow. The availability 
of long-term monitoring data, based on instrumental records, is sparse, and even when present, 
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encompasses at best the last ~ 150 years (Smol, 2008). Analysis of lake sediments using 
paleolimnological techniques allows for research to transcend this limitation as one can now 
access data archived within the biotic and abiotic components of the sediment record which can 
be used to reconstruct long-term (100’s to 1000’s of years) records of past conditions. Such 
records pre-date the onset of anthropogenic stressors, allowing for the determination of pre-
disturbance baseline conditions necessary to understand the magnitude, rate and response of lake 
ecosystems to changing environmental conditions (Smol, 2008; Willis et al., 2010).  
Lake systems are unique in that they can provide records of change on an ecosystem level 
and across several spatial scales (Smol, 2008). The sedimentary profile can provide 
paleolimnologists with a continuous and accurate record of past environmental conditions by 
accumulating matter from aquatic, terrestrial, and atmospheric sources (Smol, 2008). This is 
because sediments can originate from both allochthonous and autochthonous sources. 
Allochthonous components of lake sediment are materials that originate outside the lake, 
including terrestrial matter from the lake’s catchment flowing into the system and atmospheric 
inputs of aerosols and particulates. Autochthonous components of lake sediment are materials 
that were formed within the lake itself, and include aquatic plant and algal remains, zoological 
remains, and chemical precipitates. Autochthonous materials are indicative of in-lake changes, 
such as fluctuations in productivity. As a result of these varying inputs, lakes and their sediments 
offer an holistic archive of local and regional environmental change. 
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1.6 Physical and Geochemical Paleolimnolgical Indicators 
Lake sediments have a variety of physical and chemical characteristics that can yield 
valuable information that can be used to interpret lake histories (Last & Smol, 2001). Lake 
sediments can be characterized in terms of grain size, mineralogy, chemistry, and texture (Last & 
Smol, 2001).  
Particle size distribution analysis of lake sediment cores gives insight into the quantity 
and size of particles coming into the lake, and by extension, inferences can be made about the 
distance that material has traveled and whether it is of local or regional origin.  Coarse grained 
material is likely locally derived as it cannot be uplifted by the wind for any considerable amount 
of time, and is generally temporarily suspended via saltation. Fine-grain material can be uplifted 
by eolian or windblown processes and suspended in the atmosphere for longer periods of time 
and can undergo long-range transportation. The classification of material based on particle size is 
outlined in Wentworth (1922).  
Inorganic geochemical and mineralogical analyses of sediment has played a central role 
in paleolimnology since its establishment as a research discipline (Boyle, 2001; Last, 2001). 
Geochemical paleolimnology uses the chemical properties of lake sediment to describe and 
quantify environmental changes in the lake, catchment, and landscape at larger regional scales. 
Geochemical analysis of lake sediments has long been recognized as a useful tool in the analysis 
of environmental change (Mackareth, 1966) and anthropogenic stressors such as pollution 
(Hilton et al., 1985; Renberg, 1986; Norton & Khal, 1987). In general, in nutrient-poor systems 
the chemistry of lake sediments represents catchment characteristics, and in more nutrient-rich 
systems, sediments are more influenced by in-lake processes (Engstrom & Wight, 1984; 
Mackareth, 1966). Uinta Mountain lakes are in general nutrient-poor, and have been thought to 
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be “pristine” systems (Moser et al., 2010) making them more suitable for the analysis of 
atmospheric deposition of material into lakes and their catchments.  Mineralogical analysis of 
lake sediments provides an understanding of the sediment composition that can help determine 
the origin and genesis of lake sediments, and past limnological, hydrologic, and climatic 
conditions (Lewis, 1984; Last, 2001). Mineralogical data in combination with geochemical 
information offers a much better description of lake sediments compared to bulk chemical data 
alone (Prothero & Schwab, 1996).  
 
1.7 Cladocerans as Paleolimnological Indicators 
Bioindicators preserved in lake sediment can provide valuable information about past 
environmental conditions.  One bioindicator that has been used successfully in many 
paleolimnolgical investigations are Cladocera, an order of small crustacean zooplankton (Class: 
Branchiopoda). They are commonly called waterfleas, range in size from 0.2 to 18 mm in length 
and are characterized by a chitinous exoskeleton (Frey, 1960; Hann, 1989). The potential of this 
paleoindicator has long been recognized as a result of its excellent preservation and abundance of 
their exoskeletons remains within lake sediments (Frey, 1960). Subfossil cladocerans occur in 
lake sediments in the form of disarticulated body parts, including head shields, carapaces, and 
postabdominal claws (Szeroczynska & Srmaja-Korjoren, 2007). Cladcoera are ubiquitous in 
inland aquatic habitats and there are approximately 620 defined species with many more yet to 
be described (Szeroczynska & Srmaja-Korjoren, 2007). The taxonomy is based on size and 
shape, surface ornamentation, and number and orientation of head pores and serrations on the 
post abdominal claw (Szeroczynska and Srmaja-Korjoren, 2007). Sedimentary Cladocera 
assemblages provide whole lake information as different species occupy a variety of ecological 
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niches (Figure 1.4) (Hann, 1989). Cladocera are primary consumers (Eggermont & Martens, 
2011). Changes in the relative abundance of the remains of different crustacean taxa in the 
sedimentary record have been used to address a variety of ecological issues requiring 
information about changes in climate (Sarnaja-Korjonen et al., 2006; Heegaard et al. 2006; 
Guilizzoni et al., 2006; Lotter et al., 1997), total phosphorous concentrations (Bos & Cumming, 
2003), eutrophication (Broderson et al., 1998; Shumate et al., 2002; Chen et al., 2010) fish 
abundance (Jeppesen et al., 1996, Jeppesen et al, 2002), lake salinity (Bos et al., 1999), and lake 
depth (Korhola et al., 2005).  
Recently, the potential and application of Cladocera for determining changes in calcium 
concentrations and alkalinity have been investigated (Ashforth & Yan, 2006; Jeziorski & Yan, 
2006; Jeziorski et al., 2008). Previous attempts to reconstruct historical lakewater calcium 
concentrations using common paleoindicators (i.e. diatoms and chrysophytes) have had minimal 
success because the calcium requirements of these organisms are low (Keller et al., 2001; Dixit 
et al., 2002). In general, crustacean zooplankton will be sensitive to reduced lakewater calcium 
concentrations as a result of the incorporation of calcium minerals in the structural components 
of their carapace (Stevenson, 1985). In addition, large differences have been measured in the Ca 
burden of different Cladocera species, with 20-fold differences in the Ca content (% dry weight) 
(Figure 1.5) (Jeziorski & Yan, 2006). In particular the Daphnia  spp. contain more calcium than 
other non-daphniid taxa such as Bosmina spp., and Holopedium gibberum (Waevagen et al., 
2002; Jeziorski & Yan, 2006). For daphniid species, the primary source of Ca is through the 
direct absorption of Ca2+ ions from the water column (Cowgill, 1986). In addition, the growth of 
these organisms requires the molt and regeneration of their Ca-rich exoskeleton (which contains 
> 90% of their total Ca; Alstad et al., 1999), and therefore they require calcium throughout their 
14 
 
entire life cycle. Besides the direct physiological dependence on ambient calcium concentrations, 
low calcium levels also have been demonstrated to reduce tolerances to other environmental 
stressors such as metal contamination (Havas, 1985) and UV radiation (Hessen & Rukke, 2000). 
Laboratory testing and field surveys have suggested that calcium concentrations below 
1.5 mg/L will have a negative effect on the growth, reproduction, and survival of common 
daphniids (Ashforth & Yan, 2008; Cairns, 2010). Recent research from softwater lakes in 
Ontario suggest that in natural settings calcium requirements are greater than the 1.5 mg/L 
suggested by laboratory testing (Jeziorski, 2011). One dominant daphniid species, Daphnia 
pulex, has been used successfully to track measured lakewater calcium concentrations over time 
in Plastic Lake, a freshwater lake in southern Ontario (Figure 1.6) (Jeziorski et al., 2008). 
Uinta Mountain lake’s have lakewater calcium concentrations that are right at the 
threshold identified as necessary for the successful reproduction of daphniid species (between 
1.5 – 2.0 mg/L) (Moser, unpublished data). In addition, previous research on Hidden Lake using 
geochemical analysis of the lake’s sediment determined that down core calcium concentrations 
have actually increased beginning at ~ 20 cm (Moser et al., 2010). It was hypothesized that this 
increase in calcium was attributable to an increased influx of calcium-rich dust entering the 
system. The low calcium concentrations of these lakes, coupled with evidence of historical 
changes in calcium, and the potential role of calcium-rich dust, make these lakes an ideal setting 
for further research on the potential and application of Cladocera as a paleoindicator of past 
calcium concentrations.  
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FIGURE 1.4: Ecological niches of various Cladocera taxa (Eggermont & Martens, 2011). 
 
 
FIGURE 1.5: Calcium content as a % of dry body weight for several Cladocera species as 
reported in Jeziorski & Yan (2006). 
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FIGURE 1.6: Measurements of lakewater calcium concentrations, lake water pH and the 
relative abundance of Daphnia pulex in sediment of Plastic Lake, Ontario over time (Jeziorski et 
al., 2008). 
 
 
1.8 Objectives and Hypotheses 
In this research, I will use physical, chemical, and biological proxies archived in lake 
sediments to investigate the composition and effects of atmospheric dust deposited in five remote 
alpine lakes in northeastern Utah. Analysis of lake sediment cores, dust, soil, and rock samples, 
will be used to identify the unique characteristics of dust and evaluate temporal and spatial 
variations across the study area. Fossil Cladocera assemblages preserved in sediments from the 
five study lakes will be used to evaluate whether changes in atmospheric dust deposition affect 
community composition of these organisms. This evaluation will help determine whether 
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Cladocera can be used as a proxy for atmospheric deposition of Ca. The three main objectives of 
this thesis are: 
 
1) To determine the mineral, physical, and chemical characteristics of atmospheric  
dust being deposited in the Uinta Mountains, Utah. 
2) To evaluate how these characteristics have changed over time using the physical and 
chemical information stored in lake sediments. 
3) To assess the impact of dust deposition on remote alpine lake ecosystems,  
with specific regard to the effects of atmospheric Ca on Cladocera community 
composition.  
 
I hypothesize that atmospheric dust entering the Uinta Mountains is primarily in the < 20 
µm size-fraction. I also hypothesize that the dust is enriched (relative to average crustal 
composition values) in several major, minor and trace elements related to human activities in the 
region (mining and agriculture). I hypothesize that hotter and drier climates and the onset and 
increase of human settlement in the region resulted in reduced vegetation cover, increased 
resource extraction and intensified grazing, which caused changes in the distribution of particle 
size and geochemical composition of material being deposited in the lake sediment record. 
Particularly, I expect that the onset of large-scale mining operations resulted in an influx of trace 
metal contaminants into the system. I also expect that phosphate mining, in combination with 
agricultural activities, resulted in an increased influx of phosphorous. I predict that calcium 
increased ubiquitously across the study area, with some variation with elevation, as a result of 
increased erosion of Ca-rich dryland soils with land clearance and settlement. I expect that 
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increases of calcium-rich atmospheric dust entering the system caused changes in the community 
composition of Cladocera, in particular the daphniids, which have been shown previously to be 
sensitive to changes in aqueous calcium concentrations (Ashforth & Yan, 2008; Yan & Jeziorski, 
2006; Jeziorski et al., 2010). This relationship should be particularly apparent in the low calcium 
conditions of Uinta Mountain lakes. The results of this research will provide an increased 
understanding of the role that atmospheric dust deposition plays in altering the physical, 
chemical, and biological characteristics of remote lake systems. The results will show the effects 
that human settlement in surrounding areas have had on remote alpine lakes that have been 
considered “pristine”, or unaffected by anthropogenic stressors. Knowledge of pre-disturbance 
baseline conditions and past ecological shifts will enable accurate quantification of the effects of 
mining, agricultural, and industrial development on lake ecosystems in the region which should 
help lake managers better protect these ecosystems.  
 
1.9 Rationale for Study 
Hotter and drier climate conditions result in reduced vegetation cover and increased soil 
erosion resulting in the increased generation of dust (Prospero et al, 2002; Tegen et al., 2002; 
Mahowald et al., 2006). Increased resource exploration, agricultural operations, and grazing 
scour the landscape and destabilize surface soils (Schlesinger et al., 1990; Tegen et al., 2004; 
Neff et al., 2008; Fernandez et al., 2008). Industrial operations release particulate aerosols into 
the atmosphere via the burning of fossil fuels and other materials (Orgill & Sehmel, 1976; Tegen 
et al., 1996). The composition and quantity of particulate aerosols in the troposphere can have 
wide reaching ecological effects (Psenner, 1999; Reynolds et al., 2001; Reynolds et al., 2009; 
Neff et al., 2008; Moser et al., 2010) and human health implications (Prospero, 1999).  
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Long-term dust monitoring at remote high elevation sites is valuable to understanding 
how climatic change and intensified land use influence the composition and magnitude of 
atmospheric dust and how these changes will manifest themselves in freshwater ecosystems. 
Several studies have drawn attention to the significance that atmospheric dust deposition can 
have on the chemistry and biology of high alpine systems (Rhoades et al., 2010; Painter et al., 
2007; Steltzer et al., 2009; Reynolds et al., 2009; Moser et al., 2010). This research represents 
the first attempt to directly analyze Uinta Mountain dust being deposited in the region in 
conjunction with analysis of local materials (soil, lake sediment, rock samples) to characterize 
dust and compositional changes over time. In addition, this research attempts to link changes in 
dust to observed changes in Cladocera. Ultimately, the work presented here serves to provide a 
better understanding of spatial variation in the dust composition of northeastern Utah, temporal 
variation in dust deposition at lakes in northeastern Utah, and the various chemical, physical, and 
biological changes/effects related to the atmospheric loading of crustal and trace elements into 
lake systems.  
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CHAPTER 2 
 
STUDY AREA 
 
2.1 The Uinta Mountains 
Location & Extent 
 The Uinta Mountains are located in the western United States in northeastern Utah near 
the Utah-Colorado and Utah-Wyoming borders (Figure 2.1). The geographical extent of the 
mountain range is between 109º W to 111ºW and 40º N to 41ºN. The vertical range is 2000 to 
4100 m.  The westernmost edge of the range is ~ 60 km from Salt Lake City, Utah.  
 
Geology & Physiography 
 The Uinta Mountains are unique in the western United States because unlike most 
mountain ranges that trend north/south, the Uinta Mountains trend east/west. The bedrock 
geology is comprised of the Uinta Mountain Group, a thick succession of marine and continental 
siliclastic deposits formed in the Neoproterozoic (1000-700 Ma), which includes quartz, arenite, 
siltite, arkose, shale, and minor conglomerate (Hansen, 1975; Atwood, 1909; Condie et al., 
2001). These rock types are known to have limited buffering capacity owing to the absence of 
CaCO3 (Christensen & Jewell, 1998). Some Paleozoic, as well as some Paleocene and Eocene 
sediments are found at lower elevations and include limestones, dolostones sandstones, 
mudstones and conglomerates (Bryant, 2010; Bryant, 1992; Hansen, 1975). Unconsolidated 
Quaternary glacial deposits overlay these formations and include glacial and landslide deposits 
(Bryant, 2010). Previous glacial events also resulted in U-shaped valleys, cirques and numerous 
glacially-formed lakes (Munroe et al., 2007).  
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FIGURE 2.1: Regional location of the Uinta Mountains, Utah, USA (highlighted in red) and of 
the five study lakes (Google Earth, 2012). 
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Soils 
Soils in the Uinta Mountains are comprised of five main types, which in decreasing 
abundance are: Eutrocryepts and Dystrocryepts (Order: Inceptisols, Suborder: Cryepts), 
Haplocryalfs (Order: Alfisols, Suborder: Cryalfs), Cryorthents (Order: Fluvents, Suborder: 
Orthents) and Haplocryolls (Order: Mollisols, Suborder: Cryolls) (Bockheim and Koerner, 1997; 
Bockheim et al., 2000; United States Department of Agriculture Natural Resources Conservation 
Service, 1999). Although these soils occur in all three ecoclimatic zones (upper montane forest, 
subalpine forest and alpine tundra), Eutrocryepts and Dystrocryepts are dominant within the 
upper montane forest where Pinus contorta (lodgepole pine) and Vaccinium scoparium (grouse 
whortleberry) grow (2700 to 3000 m). The primary parent materials are mainly till and 
colluvium (Bockheim et al., 2000). Dystrocryepts and Cryorthents dominate the subalpine forest 
underlying Picea engelmannii (Engelmann spruce) and Abies lasiocarpa (subalpine fir) (3000 to 
3400 m). The primary parent material is silt-rich materials overlying till.  Eutrocryepts are most 
common in the alpine tundra (>3400 m). The primary parent material of the soil is residuum and 
colluviums derived from weathered material originating from the Uinta Mountain Group 
(Bockheim et al., 2000). 
A silt-enriched soil cap (average thickness is 15 cm) has been noted at sites across the 
southeastern Uinta Mountains (Bockheim & Koerner, 1997; Bockheim et al., 2000). The silt cap 
(silt concentrations range from 32% to 59%) lies disconformably over the coarser-textured soils 
(Bockheim et al., 2000). The silt cap is enriched with base cations, most notably calcium, and 
because the parent material lacks calcium, the silt cap is likely eolian, and has been described as 
an “alpine loess” (Bockheim & Koerner, 1997; Bockheim et al., 2000). Bockheim and Koerner 
(1997) noted that the calcareous nature of the soil cap may be important in buffering alpine lakes 
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from acid deposition as many lakes have ≥ 100 µeq/L acid-neutralizing capacity (ANC), which 
supports the hypothesis that windblown alkaline dust enriched in CaCO3 and CaSO4 influences 
lake chemistry in the region (Eilers et al., 1987; Landers et al., 1987).  
 
Climate 
The Uinta Mountains have an alpine climate and are surrounded by a semiarid desert 
steppe in the lowlands. They have warm to hot summers and are inundated with snow roughly 
between December and April, except for the highest peaks which are snow capped year round.  
The climate of the Uinta Mountains varies considerably spatially due to changes in 
elevation and the position of major climate boundaries. The western slopes receive nearly twice 
the average annual precipitation (390 mm of average total annual precipitation) compared with 
the eastern slopes (210 mm) (Figure 2.2) (Munroe & Michelson, 2002; Munroe, 2003a; 
MacDonald and Tingstad, 2007). The Uinta Mountains are dominated by two types of seasonal 
precipitation patterns; summer dry/winter wet and summer wet/winter dry (Figure 2.1) (Whitlock 
& Bartlein, 1993). In the western Uinta Mountains, precipitation comes mainly during the winter 
months as storms from the Pacific guided by the jet stream aloft. In the eastern Uinta Mountains, 
precipitation comes mainly during the summer months as moist air from the Gulf of California 
and Gulf of Mexico bring monsoonal rains (Munroe, 2003a; MacDonald and Tingstad, 2007). 
This is due to the inability of westerly winter storms to penetrate through to the eastern ranges 
and the lack of penetration of easterly summer monsoons to the western slopes (MacDonald and 
Tingstad, 2007).  Elevation also affects the amount of precipitation a site receives; higher 
elevation sites tend to receive more precipitation than lower in a given region (Moser et al., 
2010; MacDonald and Tingstad, 2007).  
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The predominant wind directions of Utah and the Uinta Mountains are from the west, 
northwest, southwest, and southeast (Klink, 1999; Western Regional Climate Centre, 2012). 
 
FIGURE 2.2: Vernal (eastern slopes) and Heber (western slopes) climagraphs based on a 
common period of 1928-2005 from Macdonald & Tingstad (2007). The study sites are at the 
eastern end of the Uinta Mountains and are proximal to Vernal.  
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Vegetation 
 Life zones or vegetation zones in the Uinta Mountains include, from low to high 
elevation: foothills (1700-2400 m), montane (2400-3000 m), subalpine (3000 –3400m), and 
alpine (>3400m) (State of Utah Natural Resources, 2002). In the foothills, common plant 
communities include pinyon-juniper woodlands and oak-maple shrublands. In the montane zone, 
common species include Pinus contorta (lodgepole pine), Pinus pondersosa (ponderosa pine), 
Populus tremuloides (trembling aspen), and Pseudotsuga menziesii (Douglas fir). Mountain 
meadows are also seen in this zone. In the subalpine zone, the dominant plant community is the 
spruce-fir forest. Pinus longaeva (bristlecone pine) can also be seen here. The alpine zone is 
characterized by small low growing plants including sedges and lichens, as well as patches of 
krummholz. The Uinta Mountains are unique in that they have the only extensive Pinus contorta 
(lodgepole pine) forest in Utah (Shaw & Long, 2007). 
 
Historical Description of Land Use 
 The Uinta Mountains are located downwind of the most densely populated region in the 
state of Utah (Figure 2.3).  The first settlers in the region arrived in this now densely populated 
area in 1847. In 1865 the largest open pit mine in the world, Bingham Canyon Mine (located 
southwest of Salt Lake City) began operation and continues today as the second largest copper 
producer in the United States (Voynick, 1998, Kennecott Utah Copper, 2012).  Bingham Canyon 
Mine has produced more copper than any other mine globally since its inception – over 19 
million tons (Kennecott Utah Copper, 2012). Sheep and cattle grazing and agricultural operations 
began in 1890. In 1940, the conversion of arable farmland to residential or industrial 
development sites began. In the early 20th century, industrial operation expanded rapidly notably 
increasing the quantity of atmospheric pollution in the area (Environmental Protection Agency, 
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2012; Utah Department of Environmental Quality, 2012). The Uinta Mountains became 
protected in 1908 through the establishment of the Ashley National Forest by Theodore 
Roosevelt in order to ensure timber, grazing, minerals, water, and outdoor recreation for the 
American people (Ashley National Forest, 2012). In the Uinta Mountains themselves, the 
primary land uses historically and currently are cattle and sheep grazing and the recreational 
activities of visitors. 
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FIGURE 2.3: Population density in Utah by census tracts (US Census Bureau Census 2000 
Summary File 1). The region of the Uinta Mountains is highlighted in red.  
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2.2 Description of Study Lakes  
 All lakes were in the Whiterocks River drainage. The closest SNOTEL (snow telemetry) 
site to all of the study sites is the Chepeta SNOTEL site (Figure 2.4). Climate data from this site 
are summarized in Figures 2.5 & 2.6a/b. Figure 2.5 clearly shows that these sites are in the 
summer wet/winter dry part of the Uinta Mountains. Below are brief descriptions of each study 
lake. Lake and watershed locations and dimensions are summarized in Table 2.1. 
 
TABLE 2.1: Lake and watershed properties for the five study lakes. 
Lake and 
Watershed 
Properties 
Hidden Lake Larvae Lake Workman Lake Divide Lake 
No Name 
Lake 
Latitude 40º 44’ 39” N 40º 40’ 31” N 40º 45’ 07” N 40º 48’ 39” N 40º 47’ 58” N 
Longitude 110º 01’ 58” W 110º 02’ 19” W 109º 58’ 45” W 110º 09’ 07” W 110º 10’ 15” W 
Maximum 
Depth (m) 
15.1 8.2 3.7 21.3 4 
Surface 
Water Area 
(ha) 
5.3 2.2 8.3 7.7 7.3 
Water 
Catchment 
Area (ha) 
54.2 13.2 87 148.7 321 
Catchment 
to Lake 
Ratio 
10.2 6 10.4 19.4 44 
Altitude (m 
above sea 
level) 
3156 3058 3193 3425 3307 
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FIGURE 2.4: Map showing location of the Chepeta SNOTEL site and the five study lakes 
(Google Earth, 2012). 
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FIGUE 2.6a: Mean Annual Air Temperature (ºC) from the Chepeta SNOTEL site, the nearest 
weather station to all five study lakes (USDA, 2012). 
 
 
FIGUE 2.6b: Mean Annual Total Precipitation (mm) from the Chepeta SNOTEL site, the 
nearest weather station to all five study lakes (USDA, 2012). 
 
Mean= - 0.216 ºC 
Mean= 790 mm 
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The peaks surrounding all lakes are composed of the Hades Pass unit dating from the 
Middle Proterozoic consisting of grayish-red, brownish red, and whitish-gray quartz sandstone, 
arkose and shale containing thick moderate red lenticular shale beds on the northern side and thin 
discontinuous olive drab shale beds on the southern side of the Uinta Mountains (Bryant, 2010). 
The southwest corner of Larvae Lake sits directly on this bedrock material (Bryant, 2010). 
All lakes were situated on the southeastern slopes of the Uinta Mountains. Hidden Lake, 
Larvae Lake, Workman Lake, and No Name Lake are all situated in depressions resulting from 
glacial processes during the last major glaciation in the Uinta Mountains, the Smiths Fork 
Glaciation, which occurred between 32 000 and 14 000 years before present (Moser et al., 2010; 
Munroe & Laabs, 2009). These lakes are situated in glacial till (Smiths Fork Till) of Pinedale age 
(Pleistocene) consisting of poorly sorted boulders with colluviums, talus, and landslide deposits 
(Bryant, 2010, Munroe & Laabs, 2009). Divide Lake sits outside of the glaciated valleys of the 
Uinta Mountains and was likely formed before the last major glaciations in the Uinta Mountains 
(Munroe & Laabs, 2009). Divide Lake may have formed during the Black Forks Glaciation 
(possibly 160 000 to 100 000 years ago) (Munroe & Laabs, 2009). Divide Lake sits upon 
bedrock and thin non-glacial surficial deposits. It is directly adjacent to a deposit of thin glacial 
till of Pinedale age (Pleistocene) (Bryant, 2010, Munroe & Laabs, 2009). 
The soil surrounding Hidden, Larvae, Workman, and No Name Lake consists of silt-rich 
material overlaying coarse gravelly glacial till. The soils are dominantly Dystrocryepts and 
Cryorthents characterized by a loess cap enriched with several base cations (Bockheim et al., 
2000).  The primary parent material is glacial till made up of boulders, silt, and sand (Bockheim 
et al., 2000). The soils surrounding Divide Lake are dominantly Eutrocryepts and Haplocryalfs 
with lesser extents of Dystrocryepts, Haplocryolls, and Cryortherns (Bockheim et al., 2000). The 
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primary parent materials are residuum and colluviums derived from sediments of the Uinta 
Mountain Group (Bockheim et al., 2000). 
The forests surrounding Hidden, Larvae, Workman and No Name Lake primarily consists 
of Picea engelmannii (Engelmann spruce) and Abies lasiocarpa (subalpine fir). The vegetation 
surrounding Divide Lake primarily consists of Acomastylis rossii (Alpine Avens), Poa spp. 
(meadowgrass and bluegrass), Carex elynoides (blackroot sedge), Deshcampsia cesposita (tufted 
hairgrass), Salix spp. and Dryas spp (alpine shrubs), and clumps of krummholz Picea engellmani 
(Engelmann spruce) (Bockheim et al., 2000; Shaw & Long, 2007). 
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FIGURE 2.7: Topographic map of Hidden Lake and surrounding areas. Elevation is expressed 
in ft and the contour interval is 40 feet (USGS, 2011). 
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FIGUE 2.8: Aerial view of Hidden Lake (Google Earth, 2012) with its surface water catchment 
(outlined in red, determined using 9 m resolution DEM). 
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FIGURE 2.9: Topographic map of Larvae Lake and surrounding areas. Elevation is expressed in 
ft and the contour interval is 40 feet (USGS, 2011). 
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FIGUE 2.10: Aerial view of Larvae Lake (Google Earth, 2012) with its surface water catchment 
(outlined in red, determined using 9 m resolution DEM).  
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FIGURE 2.11: Topographic map of Workman Lake and surrounding areas. Elevation is 
expressed in ft and the contour interval is 40 feet (USGS, 2011). 
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FIGUE 2.12: Aerial view of Workman Lake (Google Earth, 2012) with its surface water 
catchment (outlined in red, determined using 9 m resolution DEM).  
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FIGURE 2.13: Topographic map of No Name Lake and surrounding areas. Elevation is 
expressed in ft and the contour interval is 40 feet (USGS, 2011). 
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FIGUE 2.14: Aerial view of No Name Lake (Google Earth, 2012) with its surface water 
catchment (outlined in red, determined using 9 m resolution DEM).  
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FIGURE 2.15: Topographic map of Divide Lake and surrounding areas. Elevation is expressed 
in ft and the contour interval is 40 feet (USGS, 2011). 
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FIGUE 2.16: Aerial view of Divide Lake (Google Earth, 2012) with its surface water catchment 
(outlined in red, determined using 9 m resolution DEM).  
 
 
. 
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CHAPTER 3 
RESEARCH METHODS 
 
3.1 Field Methods 
3.1.1 Site Selection 
 Hidden, Larvae, Workman, Divide and No Name Lakes were selected to examine the 
composition and effects of atmospheric dust deposition on remote alpine lakes in the western 
USA. This region of the Uinta Mountains was chosen primarily because there was evidence of 
wind-blown dust in the soils (Bockheim and Koerner, 1997) which should also have affected 
surrounding lakes. I also chose the Uinta Mountains because I was interested in CaCO3 in dust, 
and previous research indicated an absence of CaCO3 in the underlying geology (Christensen & 
Jewell, 1998). The five study lakes were chosen to span an elevation gradient between 3000 m 
and 3500 m a.s.l. along the eastern slopes of the Uinta Mountains. Lakes were selected to include 
a range of lake surface and catchment areas (Table 2.1) to examine how these characteristics 
affect a lake’s sensitivity to atmospheric dust deposition.  
 
3.1.2 Sediment Core Collection and Extrusion  
Coring of all lakes was done using either a Uwitec or K-B gravity corer, which ensures 
the intact preservation of the sediment-water interface (Table 3.1) (Glew et al., 2001). The 
UWITEC corer (Figure 3.1), with an internal core tube diameter of 5.95 cm, was only used at 
Hidden Lake, where two sediment cores were collected on July 5th 2010. A Kajak-Brinkman 
(KB) gravity corer (Glew et al., 2001) (Figures 3.2 and 3.3) with an internal core tube diameter 
of 6.3 cm was used to retrieve sediment cores from all other sites.  
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These corers can retrieve sediment cores up to 60 cm in length which, based on previous 
research, was adequately deep enough to extend back to reported changes in Ca and well before 
European settlement (Moser et al., 2010). The sediment core was taken from the deepest part of 
the lake, which is the most appropriate coring site to retrieve a continuous, undisturbed sediment 
record (Smol, 2008). A replicate sediment core was retrieved in order to ensure sufficient 
sediment to find terrestrial macrofossils for AMS dating. All sediment cores were sectioned on 
shore at 0.5 centimeter intervals using a vertical extruder (Glew, 1988). The sediment intervals 
were collected and stored in Whirl-Pak® bags and maintained at a temperature of 4ºC until 
further processing. 
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FIGURE 3.1: General design for the Uwitec coring device (www.uwitec.com, 2012). 
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FIGURE 3.2: General design of the original Kajak-Brinkman coring device. (A) core tube; (B) 
cutting shoe; (C) adapter plate for alternate core tube sizes; (D) seal; (E) seal weight; (F) seal 
guide; (G) seal closing and release link; (H) release link (Glew et al., 2001). Figure 3.3 describes 
the operation of this corer. 
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FIGURE 3.3: General operation of a messenger-triggered gravity corer (i.e., KB corer). (A) The 
corer being lowered through the water column. Water passes through the open barrel core tube 
during descent. (B) The corer enters the sediment using its own submerged weight and the 
messenger is released from the surface to close the corer. (C) The messenger strikes the corer 
triggering the closure of the core tube. (D) The corer is recovered to the surface with the 
sediment sample (Smol, 2008). 
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Coring 
Information 
 
Hidden Lake Larvae Lake Workman Lake Divide lake 
No Name 
Lake 
 
Date of 
Collection 
 
July 5th 2010 June 30
th 
2010 July 3
rd 2010 July 9th 2010 July 9th 2010 
 
Corer Type 
 
UWITEC 
Gravity Corer 
KB Gravity 
Corer 
KB Gravity 
Corer 
KB Gravity 
Corer 
KB Gravity 
Corer 
 
H2O Depth 
at Coring 
Site 
 
15.1 m 8.2 m 3.7 m 21.3 m 4 m 
 
Number of 
Cores 
Retreived 
 
2 2 2 2 2 
 
Core Length 
 
41 cm 49 cm 34.5 cm 27.5 cm 35.5 cm 
 
TABLE 3.1: Summary of coring information for the five study lakes. 
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3.1.3 Water Collection 
 Surface water samples were collected in 30 ml pre-cleaned polyethylene Nalgene® bottles 
from all five study lakes at the same time cores were collected. All 30 ml Nalgene® bottles were 
cleaned by rinsing with E-pure water (pre-treated with distillation and then filtered through a 
reverse osmosis membrane) a minimum of four times to minimize the possibility of 
contamination. Samples were collected from the same position in the lake that the sediment cores 
were retrieved. The samples were filtered through a 0.45 µm Millipore filter directly into the 
Nalgene® bottles and bottles were sealed with electrical tape. All water samples were kept out of 
the sun and were stored at 4ºC until further analysis. Within 7 days of collection, lake water 
samples were shipped for analysis to Rick Knurr at the aqueous geochemistry lab at the 
University of Minnesota Department of Geology and Geophysics for analysis of major ion 
concentrations using a ThermoElemental PQ ExCell Inductively Coupled Plasma Mass 
Spectrometer.  
 
3.1.4 Geological Sample Collection 
 Six boulders were collected from the catchments of Hidden Lake, Larvae Lake, and 
Workman Lake (two boulders from each). The samples were kept untouched and intact until 
processing. 
 
3.1.5 Dust Collection 
 Atmospheric dust was collected in three locations above tree line. Dust sample site 1 is 
located nearest the five study lakes, dust sample site 2 is located in the south central slopes of the 
Uinta Mountains and dust sample site 3 is located on the western slopes (Table 3.2 ) (Figure 3.4). 
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Note dust sample sites 2 and 3 are located where climate is characterized by winter wet/summer 
dry conditions and dust sample site 1 is characterized by winter dry/summer wet conditions. 
 
Site Elevation (m) Latitude Longitude 
Dust 1 ~3718 m 40° 48' 40.31 N 110° 4' 32.20" W 
Dust 2 ~ 3597 m 40° 38' 20.40" N 110° 27' 56.76" W 
Dust 3 ~ 3353 m 40° 40' 48.00" N 110° 53' 29.83" W 
 
TABLE 3.2: Elevation and location of the three dust collectors. 
 
 
FIGURE 3.4: Location of the three dust collectors relative to the five study lakes             
(Google Earth, 2012). 
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The dust collection apparatus was designed and built by Dr. J. Munroe in the department 
of geology at Middlebury College and comprised a 2 ft by 2 ft box composed of corrugated 
polycarbonate sheets (5 troughs total) (Figure 3.5). The troughs were filled with rounded, black, 
glass beads 1.25 cm in diameter. Black beads were used in order to increase evaporation to 
reduce the chance of overflow during a rain event. Small diameter holes were drilled near the top 
of each trough in order to allow a controlled “trickle” overflow of the apparatus. The collectors 
were deployed on rocks approximately 1 ft above the ground. Each collection trough was 
equipped with a gasket end cap attached via thumb screws.  The total sampling duration of the 
dust collectors was 90 days during the months of July, August and September 2011. The dust 
samples were collected by washing the black glass beads with distilled water through a colander 
into the troughs. The troughs were then washed out with a small wire brush and distilled water 
into acid-washed 1 L bottles.  
 
3.1.6 Limnological Variables 
 A multi-parameter Hydrolab was used to measure temperature (ºC), salinity (ppt), 
specific conductivity (µS/cm), conductivity (µS/cm) and dissolved oxygen (%, mg/L), and pH 
(pH) profiles for Hidden, Workman, and Larvae Lake. At Divide and No Name Lake a YSI 30 
meter was used to measure temperature (ºC), specific conductivity (µS/cm) and conductivity 
(µS/cm) profiles due to equipment malfunctions involving the Hydrolab. The Hydrolab and YSI 
meter were slowly lowered through the water column and measurements were recorded at 0.5 m 
intervals. Surface lake water pH (<0.5 m depth) was determined using four calibrated pH meters 
(combination of Hanna® and Oakton® models). Lake depth was determined using a sonar depth  
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FIGURE 3.5: Dust collectors and sampling procedure (dust washed off of beads through sieve 
then collected in 1 L bottles). 
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finder. Alkalinity was determined using a Hach® Alkalinity Test Kit. A Secchi disc was used as 
an indicator of water transparency and was lowered through the water column until it 
disappeared, at which point the depth was recorded. The Secchi disk was then slowly raised and 
the depth at which it reappeared was recorded. The Secchi depth was reported as the average 
between the disappearance and reappearance.   
 
3.2 Laboratory Methods 
3.2.1 Chronology 
210 Pb 
 One sediment core from each of the five study lakes was dated using lead-210 (210Pb), a 
radiometric dating technique used for time periods within the past ~150 years (Krisnaswami et 
al., 1971). All five lake sediment cores were 210Pb dated using alpha spectrometry techniques 
(Flyn, 1968; Evans & Rigler, 1980; Cornett et al., 1984: Rowan et al., 1995) by MyCore 
Scientific Inc. (Deep River, Ontario).  
 For each lake, 15 sediment samples (0.5 cm intervals) between 0 and 22 cm were selected 
for dating. Above 10 cm, ~ 0.1 g of dry weight was used, and below 10 cm, ~ 1.0 g of dry weight 
was used. All dried samples were ground to < 125 µm by hand using a mortar and pestle and 
were placed into pre-weighed 50 ml Falcon® centrifuge test tubes and sent to MyCore Scientific 
for analysis. The constant rate of supply (CRS) model was used to determine dates from the 
210Pb concentrations. The CRS model assumes that the influx of unsupported, atmospheric 210Pb 
to the sediment surface is constant through time (Appleby, 2001). 
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14C - AMS Dating 
 Each sample from one core from each lake was wet sieved to find material suitable for 
14C dates. Plant macrofossils were only retrieved from the sediment of Larvae and Workman 
Lake. These were dated using accelerator mass spectrometry (AMS) by Beta Analytic in Miami, 
Florida. The materials dated were coniferous needles (one for each lake) that were dried, placed 
in 50 ml Falcon® centrifuge test tubes, and sent to Beta Analytic for analysis using standard 14C 
AMS techniques.  
 
Age Models 
 The 15 measured 210Pb dates from each lake core from Hidden, Divide, and No Name 
Lake were used to determine an age model for each lake sediment core. The statistical program 
SPSS 18 for Windows determined that a linear function was most representative of the known 
210Pb date curve (age extrapolation below the lowest 210Pb date). For Larvae and Workman Lake, 
a line was fitted between the last 210Pb date and the 14C date to extrapolate dates to the bottom of 
the core. 
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3.2.2 Analysis of Dust, Lake Sediments and Underlying Bedrock 
 The types of analysis and samples analyzed for each lake are summarized in Table 3.3. 
 
 
Samples Analyzed 
 
 
Type of 
Analysis 
 
Hidden 
Lake 
(cm) 
Larvae 
Lake 
(cm) 
Workman 
Lake 
(cm) 
Divide 
Lake 
(cm) 
No Name 
Lake 
(cm) 
Dust 
 
Particle Size 
1.5, 5.5 , 
7.75, 10.25, 
15.25, 
18.25, 
21.25, 
25.25, 
30.75, 
35.25, 
39.75 
2, 4.5, 7.75, 
10.75, 
12.75, 15.5, 
17.5, 20.5, 
25.5, 30.5, 
38.5, 43.5, 
47.5 
0.75, 3.25, 
5.25, 7.75, 
10.75, 
12.75, 
15.25, 
17.75, 
20.75, 
25.75, 
29.75, 33.75 
0.75, 2.75, 
5.75, 7.75, 
10.75, 
12.75, 
15.75, 
17.75, 
20.75, 
22.25, 
23.75, 
26.75 
0.75,2.75, 
5.75, 7.75, 
10.75, 
12.75, 
15.75, 
18.25, 
20.75, 
25.75, 
34.75 
1,2,3 
 
XRD 
5.5, 7.75, 
12.75, 
15.25, 
17.75, 
25.25 
4.5, 7.5, 
12.75, 15.5, 
17.5, 25.5 
5.25, 7.75, 
12.75, 
15.25, 17.75 
2.75, 7.75, 
12.75, 
17.75, 
23.75 
2.75, 7.75, 
12.75, 
18.25, 
20.75 
1,2,3 
 
Geochemistry 
1.5, 5.5, 
7.75, 10.75, 
12.75, 
15.25, 
17.75, 
20.75, 
25.25, 
30.75, 
35.25, 
40.25, 
Bedrock 
2, 4.5, 7.5, 
10.75, 
12.75,  
15.5,  
17.5,  
20.5,  
25.5,  
30.5,  
38.5,  
47.5, 
Bedrock 
1, 5.25, 
7.75,  
10.75, 
12.75, 
15.25, 
17.75, 
20.75, 
25.75, 
29.75, 
33.75, 
Bedrock 
0.75, 2.75, 
5.75, 7.75, 
10.75, 
12.75, 
15.75, 
17.75, 
20.75, 
23.75, 
26.75 
0.75, 2.75, 
5.75. 7.75, 
10.75, 
12.75, 
15.75, 
18.25, 
20.75, 
25.75, 
34.75 
 1,2,3 
 
SEM-EDS Bedrock -- -- -- -- 
Dust 1 
 
 
TABLE 3.3: Summary of analyses and samples analyzed. For all lakes, sample numbers give the 
midpoint of the sample interval analyzed. All lake samples represent 0.5 cm of sediment 
deposition. 
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Type of 
Analysis 
 
Hidden 
Lake 
(cm) 
Larvae 
Lake 
(cm) 
Workman 
Lake 
(cm) 
Divide 
Lake 
(cm) 
No Name 
Lake 
(cm) 
Dust 
 
LOI 
1.5, 5.5, 
7.75, 10.75, 
12.75, 
15.25, 
17.75, 
20.75, 
25.25, 
30.75, 
35.25, 
40.25 
2, 4.5, 7.5, 
10.75, 
12.75,  
15.5,  
17.5,  
20.5,  
25.5,  
30.5,  
38.5,  
47.5 
1, 5.25, 
7.75,  
10.75, 
12.75, 
15.25, 
17.75, 
20.75, 
25.75, 
29.75,  
33.75 
0.75, 2.75, 
5.75, 7.75, 
10.75, 
12.75, 
15.75, 
17.75, 
20.75, 
23.75, 
26.75 
0.75, 2.75, 
5.75. 7.75, 
10.75, 
12.75, 
15.75, 
18.25, 
20.75, 
25.75, 
34.75 
 
 
-- 
 
Cadlocera 
 
0.75, 10.75, 
20.75, 
30.75, 
35.25, 
40.25 
0.75, 10.75, 
20.5, 30.5, 
38.5, 47.5 
0.75, 10.75, 
20.75, 
25.75, 
29.75, 33.75 
0.75, 5.75, 
10.75, 
15.75, 
20.75, 
26.75 
0.75, 5.75, 
10.75, 
15.75, 
25.75, 
34.75 
-- 
 
TABLE 3.3 continued: Summary of analyses and samples analyzed. For all lakes, sample 
numbers give the midpoint of the sample interval analyzed. All lake samples represent 0.5 cm of 
sediment deposition. 
 
3.2.2.1 Physical and Chemical Data 
 
Particle Size Analysis 
 Particle size analysis was done on three dust samples and 60 lake sediment samples. For 
each lake, 12 evenly spaced sediment samples were selected. For each of the three dust samples, 
the sediments were wet sieved through a 0.63µm filter, isolating the fine fraction and removing 
the coarse fraction consisting of the more locally derived material. The entire sample was then 
placed into 50 ml pre-weighed centrifuge tubes. For the lake sediment samples, 1 -2 g of wet 
sediment was placed into 50 ml VWR® brand pre-weighed centrifuge tubes. The exact weight 
used was determined based on the percentage of inorganics in the sample as determined by loss-
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on-ignition as less organic sediment would yield more inorganic material per gram (see Figure 
4.8).   
In order to remove all organic material from the samples, 10 ml of 35% hydrogen 
peroxide (H2O2) was added to each sample using a pipette. The samples were then capped and 
allowed to digest for ~ 4 days in the fume hood. Once this reaction had subsided an additional 10 
ml of hydrogen peroxide (H2O2) was added to the samples. The samples were then capped and 
mixed at high speed on a Vortex Genie® for ~ 60 seconds in the fume hood. Once thoroughly 
mixed the samples were left in the fume hood for an additional 3 weeks until the reaction had 
subsided. The samples were then placed in an oven at ~70 ºC for 3 hours in order to generate the 
final digestion of any remaining organic material. The sample vials were then filled to 35 ml 
with Barnstead*EASYpure*RoDi Type 1 water and centrifuged at 8500 rpm for 2 minutes 
(starting at speed). The samples were then decanted, reducing the amount of liquid in the sample 
vials to ~ 5 ml. Special care and attention was given during this step to ensure no sediment or 
cloudy water was poured off.  
Twenty ml of 0.1 M sodium hydroxide (NaOH) was added to each sample using a pipette 
in order to remove any biogenic silica (BSiO2) (i.e. diatoms, chrysophyte cysts and scales) from 
the sample. The sample vials were then capped and mixed on the Vortex Genie® for ~ 20 
seconds. The samples were then uncapped and placed in a shaker bath at a temperature of ~85ºC 
and mixed for ~ 2 hours at a medium speed. The sample vials were then removed and filled to 40 
ml with Barnstead*EASYpure*RoDi Type 1 water. The samples were then centrifuged at 4000 
RPM for 2 minutes (starting at speed). The samples were immediately decanted, reducing the 
amount of liquid in the sample vials to ~ 5 ml. Special care and attention was given during this 
step to ensure no sediment or cloudy water was poured off. 
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Na6P6O18 was added to each sample using a pipette in order to disaggregate any clay 
particles or other aggregate material 30 ml of Calgon (sodium hexametaphosphate). This solution 
neutralizes the charge between the particles in an aggregate material such as clay, allowing them 
to separate. The samples were then thoroughly mixed for ~ 60 seconds at a high speed on Vortex 
Genie® ensuring the suspension of any material caked on to the bottom or side of the vial. The 
samples were then left to sit in sodium hexametaphosphate for ~ 5 days. The samples were then 
placed in an ultrasonic bath in order to break up any clumping of smaller particles. Finally, the 
samples were analyzed by Dr. J. Munroe at Middlebury College using a Horiba® LA-950 High 
Performance Laser Diffraction Analyzer and particle size distribution data for all samples was 
outputted for further analysis.  
 
X-Ray Diffraction  
 X-ray Diffraction (XRD) was used in order to determine the mineralogy of the dust and 
lake sediment samples. Three dust samples and 27 lake sediment samples were analyzed. Lake 
sediment samples were dried in an oven at 100ºC for 24 hours to evaporate all of the water 
contained in the sample. Samples were then pulverized by hand using a mortar and pestle to < 
125 µm. Approximately 1g of dried and ground sample was then loaded with a random 
orientation into aluminum XRD backpacks holder. Each sample was then analyzed on a Rigaku® 
X-ray diffractometer in Dr. F. Longstaffe’s LSIS (Laboratory for Stable Isotope Science) lab in 
the department of earth science, Western University. The Rigaku® X-ray diffractometer uses 
Cobalt K-alpha radiation and is equipped with a high brilliance rotating anode. The analysis was 
performed at 45kV and 160mA, using CoKα radiation, with the sample being scanned from 2° to 
82°2  at a scanning rate of 10°2’ per minute. Different crystalline structures will diffract x-rays at 
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different angles and intensities. As a result of this phenomenon different minerals have unique 
diffraction patterns which can be used for identification. The x-ray diffraction pattern data were 
analyzed in order to identify the various mineral types present in the sample. 
 Dust samples were treated with hydrogen peroxide in order to remove organic matter and 
then the < 63 µm fraction was isolated by wet sieving. Samples were made by evaporating drops 
of sample dispersed in nanopure water directly onto glass slides and analyzed on a Bruker D8 
Advance X-ray diffractometer by Dr. J. Munroe at Middlebury College. 
 In order to determine the mineralogy of the sediment samples the diffraction patterns 
were semi-quantified.  The background subtracted peak height of the most intense diffraction 
peak of each phase present in the sample was measured in millimeters on a paper trace (except 
for cases in which there was significant overlap). For all peak heights, form factors were used to 
adjust for differences in crystallinity among minerals. For all minerals, a form factor of x1 was 
applied except for kaolinite (x2), chlorite (x2), and illite (x4). The adjusted main peak height of 
each mineral was then expressed as a percentage of the total peak height of the x-ray diffraction 
pattern. The sample was then quantified in terms of the percentage relative abundance of each 
mineral. 
 
Geochemistry 
Inductively Coupled Plasma Atomic Emission Spectroscopy (ICP-AES) and Inductively 
Coupled Plasma Mass Spectrometry (ICP-MS) were used to determine the elemental 
composition of the three dust samples, two soil horizons, 57 lake sediment samples and six 
bedrock samples. The lake sediment samples consisted of several evenly spaced down core 
sediment samples (0.5 cm interval); 12 from Hidden Lake, 12 from Larvae Lake, 11 from 
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Workman Lake, 11 from Divide Lake, and 11 from No Name Lake. Wet lake sediment, dust 
samples, and soil samples were dried in an oven at 100ºC for a minimum of 24 hours in          
pre-cleaned and weighed crucibles. The samples were then pulverized and ground to < 125 µm 
by hand using a mortar and pestle and ~ 1g of sediment was transferred to 50 ml Falcon® 
centrifuge tubes. A total of six large bedrock samples (~ 1000 g each) consisting of two onshore 
boulders characteristic of Uinta Mountain geology from each of Hidden, Larvae and Workman 
Lake, were selected for analysis. The quartzite boulders were broken apart using a 20 lb stainless 
steel sledgehammer. Approximately 1000 g of material was then collected and placed in Ziploc® 
bags.  
All prepared samples were sent to SGS Mineral Services Inc. in Toronto, Ontario for 
analysis. The SGS analysis for all samples included a four acid digestion (HF, HNOs, HCLO4, 
HCL) and geochemical analysis of 49 elements using ICP-AES and ICP-MS. Prior to this 
treatment the boulder samples were also crushed until ca 75% of the material passed through a 
2mm sieve, then pulverized again to pass through a 75 µm sieve.   
 
Scanning Electron Microscopy – Energy Dispersive Spectroscopy 
 Scanning Electron Microscopy  and Energy Dispersive Spectroscopy were used in order 
to determine the morphology and elemental composition of dust particles recovered from dust 
collector 1, as well as the elemental composition of a representative bedrock sample (from 
Hidden Lake). The scanning electron microscope permits the observation and characterization of 
heterogeneous organic and inorganic materials as small as 1 µm in diameter (Goldstein et al., 
2003). The area examined is irradiated with a finely focused electron beam which, when 
interacting with the sample, produces secondary electrons, backscattered electrons, characteristic 
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x-rays, and other photons of various energies (Goldstein et al., 2003).The secondary and 
backscattered electrons allow for the characterization of topography and morphology of the 
material being scanned. The characteristic x-rays emitted from the sample allow for the 
qualitative identification and quantitative elemental information to be determined from the given 
area of a sample being bombarded (Goldstein et al., 2003). 
 A small amount of pretreated dust from sample 1 (digested in 35% hydrogen peroxide 
(H2O2) to remove organics, wet sieved to isolate < 63 µm fraction) was mounted on to aluminum 
stubs coated with carbon tape and analyzed using a Hitachi SEM equipped with an Oxford 
XMax large area (80 mm2) silicon drift detector (SDD) at Dr. D. Moser’s ZAP lab in the 
department of earth science, Western University.  
 A highly polished rock thick section was created from one of the two boulders recovered 
from the catchment of Hidden Lake and was carbon coated. The rock thick section was then 
analyzed using a Hitachi SEM equipped with an Oxford XMax large area (80 mm2) silicon drift 
detector (SDD). The imagery and elemental composition data were then examined and mapped 
using the INCAEnergy software package developed by Oxford Instruments.  
 
3.2.2.2 Biochemical and Biological Data 
Loss-On-Ignition  
 For all five study lakes, ~12 evenly spaced 0.5 cm interval samples spanning from the top 
to the bottom of each sediment core were analyzed for Loss-On-Ignition (LOI). Approximately 1 
cm3 of wet sediment (extracted from WhirlPak® bags) for each sample was deposited into a pre-
weighed and numbered ceramic crucible. Sediment samples in crucibles were weighed before 
drying at 100ºC for 24 hours in an oven in order to evaporate off all of the water content 
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contained in the sample. The samples were then re-weighed after being dried. The samples were 
then heated to 550ºC for a minimum of three hours in a blast furnace in order to burn off all of 
the organic matter within the sample (Dean, 1974). The weight discrepancy between the 100ºC 
dried weight of the sample and the 550ºC dried weight indicates the quantity of organic material 
that was ignited and burned off. This loss of organic material is expressed as a percentage of 
dried weight using the following equation (Dean, 1974):  
 
100] * 
C)(100º (g) Dry Weight 
C)(550º (g) Dry Weight - C)(100º (g)t (Dry Weigh
 [ =(%)LOI  
 
Cladocera  
 The preparation of microscope slides for the enumeration of Cladocera subfossil remains 
followed standard techniques (Korhola & Rautio, 2001) with only minor deviations. A total of 30 
samples were prepared and enumerated, consisting of six evenly spaced down core intervals (0.5 
cm interval) from each of the five study lakes.  Between 1-2 g of wet sediment subsample from 
each interval was placed in a 250 ml beaker and deflocculated in a 10% potassium hydroxide 
(KOH) solution at ~80ºC for ~ 30 minutes. The samples were then rinsed through a 38 µm sieve 
using deionized water to remove all small particulate matter. The remaining material was then 
transferred to 20 ml scintillation vials. Several drops of ethanol were then added in order to 
prevent fungal growth.  A safranin-glycerin solution was then added in order to stain the 
cladoceran remains. The vials were then filled with deionized water and mixed thoroughly. In 
order to transfer the remains onto microscope slides several 50 µL aliquots (5 – 30) were 
pipetted onto glass slides. Aliquots were dried for 24 hours between applications. Cover slips 
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were rinsed with ethyl alcohol, wiped with Kimwipes® and then permanently mounted onto the 
glass microscope slides and cladoceran remains using a glycerin jelly.  
 A minimum of 90 individual cladocerans were enumerated (a quantity previously shown 
to provide a representative sample of sedimentary cladoceran assemblages; Kurek et al., 2010) 
using a Leica DM2500 M light microscope equipped with Nomarksi Digital Interference 
Contrast (DIC) optics (10-40X objective, 10 X ocular lens). All cladoceran remains (carapaces, 
head shields, post abdominal claws, post abdomen, mandible, caudal furca, expedite segment, or 
tail stem) were enumerated separately and the minimum number of individuals present for each 
taxon was calculated from the most abundant remains (Frey, 1986). The primary taxanomic 
resources referenced for the purposes of cladoceran remain identification were Szeroczynska and 
Srmaja-Korjoren (2007) and Sweetman and Smol (2008). Daphniid species were lumped into 
two complexes dependant on the morphology of the postabdominal claw, specifically the 
presence or absence of several stout middle pectin. In this geographic region the D. pulex 
complex (stout pectin present) may include D. pulex, D.pulicaria, D. catawba and D. minehaha. 
The D. longispina complex may include D. ambigua, D. mendotae, D. longiremis, D. dentifera, 
D. dubia, D. parvula and D. retrocurva (Hebert, 1995).   
 
3.3 Data Analysis and Presentation 
 In order to better examine and understand changes in the sedimentary cladcoeran 
assemblages over time stratigraphic profiles were made for sediment cores for each of the five 
study lakes. This was accomplished using Tilia and Tilia Graph functions within the computer 
program TGView 2.02 (Grimm, 2004). Caldocera species and species complexes were separated 
and graphed into two groups; the planktonic (free floating) group and the littoral (shallow, near 
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shore) group. Species with less than 1 % relative abundance were not included in the graph. 
Calcium dependant daphniid species were highlighted in red. The down core Ca/Ti ratios (also in 
red) were plotted alongside the down core cladoceran assemblage counts.  
Ordinations were performed in order to simplify and understand changes in the down 
core geochemical characteristics of the lake sediment. This was accomplished using the 
computer program CANOCO version 4.5 for Windows (ter Braak & Smilauer, 2002). Principle 
Components Analysis (PCA) was executed in order to examine the down core geochemical data 
of each lake. PCA is an indirect gradient analysis technique that assumes a linear relationship 
between variables and allows for a visual interpretation of the variation within the dataset (Birks, 
1998). All geochemical data were log transformed in order to normalize the data. Results were 
centered and standardized by geochemical data and centered by sample depth.  
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CHAPTER 4 
 
RESULTS 
 
4.1 Limnological Characteristics  
Hidden Lake 
Various limnological variables were measured at Hidden Lake on July 7th 2010, 
September 23rd 2010, June 29th 2011, September 22nd 2011, and June 6th 2012 (Appendix A). 
Hidden Lake is a deep (maximum depth ~15 m), freshwater, slightly acidic to circumneutral, 
dimictic lake (Appendix A & B). Temperature, dissolved oxygen, specific conductivity and pH 
profiles for Hidden Lake provide evidence of summer stratification (Appendix B).  Alkalinity 
was 3.4 mg/L equivalent CaCO3 on September 23rd 2010 and 3.1 mg/L equivalent CaCO3 on 
June 29th 2011. Measurements of pH show seasonal and annual variations (Appendix A). A 
minimum pH value of 5.3 was recorded in the spring just prior to the lake being ice free, and a 
maximum value of 6.7 was reported for the summer. Hidden Lake had moderately transparent 
waters with Secchi depths ranging from 2.2 m (measured in June, 2011) to 4.75 m (measured in 
September, 2010).  
 
Larvae Lake 
 Limnological variables were measured at Larvae Lake on June 30th 2010, September 22nd 
2010, June 27th 2011, September 23rd 2011, and June 5th 2012 (Appendix A). Larvae Lake is a 
deep (maximum depth ~ 8 m) freshwater, slightly acidic to circumneutral, dimictic lake 
(Appendix A & B).  Profiles of temperature, dissolved oxygen, specific conductivity, and pH are 
indicative of summer stratification (Appendix B). Alkalinity measured on September 22nd 2010 
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and July 27th 2011 were 3.6 mg/L equivalent CaCO3 and 3.4 mg/L equivalent CaCO3 
respectively. Larvae Lake undergoes seasonal and annual variations in pH (range 5.8 to 6.8) 
(Appendix A). Secchi depth varies between 1.9 (measured in June 2011) and 3.8 m (measured in 
September 2010).  
  
Workman Lake 
 Limnological measurements were made at Workman Lake on July 3rd 2010, September 
23rd 2010, and June 30th 2011 (Appendix A). Workman Lake is a freshwater, circumneutral, 
likely polymictic (continuously mixing throughout the year) lake (maximum depth ~ 4 m, 
surface area of 8.34 ha) (Table 2.2) (Appendix A & B) (Ngai, 2012). Plots of temperature, 
dissolved oxygen, specific conductivity and pH show only weak signs of stratification in late 
June (Appendix B). Alkalinity measurements were 3.4 mg/L (recorded in September 2010) and 
4.5 mg/L equivalent CaCO3 (recorded in June 2011). Workman Lake had Secchi depths of 1 m 
(in June 2011) and 2.5 m (September 2010).   
 
Divide Lake 
 Limnological measurements for Divide Lake were recorded on July 9th 2010 (Appendix 
A). Divide Lake is a deep (maximum depth 21 m), freshwater, circumneutral and likely 
polymictic lake (fetch is ~ 400 m, and with limited vegetation cover in the catchment the lake is 
likely continually mixed) (Appendix A & B) (Ngai, 2012). Temperature and specific 
conductivity profiles for Divide Lake show no signs of stratification (Appendix B).  
Unfortunately, dissolved oxygen and pH profiles are unavailable for Divide Lake due to an 
unexpected equipment malfunction. Alkalinity and Secchi depth data are also unavailable. 
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NoName Lake 
 Limnological data was recorded at No Name Lake on July 9th 2010 (Appendix A). No 
Name Lake is a shallow (maximum depth 4m), freshwater, circumneutral, likely polymictic lake 
(surface area of 7.29 ha, fetch ~ 436 m) (Table 2.2) (Appendix A & B) (Ngai, 2012). 
Temperature and specific conductivity profiles also indicate that the lake does not stratify 
(Appendix B). Similar to Divide Lake, dissolved oxygen and pH profiles, as well as alkalinity 
and Secchi depth, measurements are not available.   
 
4.2 Water Chemistry 
 All five study lakes had generally similar water chemistry, which is summarized in 
Appendix C. All lakes are characterized by relatively low concentrations of major cations (Ca, 
K, Mg, Na). Ca concentrations of the five study lakes were between ~ 1.5 – 2.0 mg/L. Similarly, 
all lakes had low values (<1 mg/L and <7 ug/L) of Si and total dissolved phosphorous (P), 
respectively. Sr values were similar between lakes (~8-10 ug/L), and Ba varied from ~8 to 50 
ug/L. Al concentrations varied with elevation; low elevation lakes had the highest values (~52-
128 ug/L) and high elevation lakes the lowest values (~ 12-28 ug/L). Fe and Mn vary 
considerably between lakes, but there was no clear trend.   
 
4.3 Lake Sediment Description 
 Sedimentological changes were noted in cores retrieved from all five lakes (Figure 4.1). 
The primary difference between sites is that the two lower elevation sites (Hidden and Larvae) 
are comprised of more organic sediments than the higher elevation sites, which are more clastic.   
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FIGURE 4.1: Description of sediments retrieved from Hidden Lake, Larvae Lake, Workman 
Lake, Divide Lake, and No Name Lake. 
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4.4 Radiometric Dating 
4.4.1  210Pb Dating 
The radiometric activity in the sediments from all lakes showed a characteristic 
exponential decline in 210Pb activity with depth (Bq/g dry weight) (Becquerel = disintegrations 
per minute) (Figures 4.3 to 4.7) (Binford, 1990).  The lower values of 210Pb concentrations 
(Bq/g) in the top-most samples of Hidden, Larvae and Divide Lake were  most likely due to the 
increased water content of those sediment intervals, which led to a lower yield of dried sediment 
matter. The large errors on older dates were the result of the low background levels of 210Pb that 
are typical of Uinta Mountain Lake sediments (Moser et al., 2010; Reynolds et al., 2009).  
The 210Pb dating for the Hidden Lake core was determined using dating conducted on a 
previously analyzed core which was collected in 2001 (Reynolds et al., 2009; Moser et al.; 
2010). Dates were corrected for the 2010 Hidden Lake core by correlating the two cores using 
the Pb (ppm) concentrations (Figure 4.2). This indicated that 2 cm of sediment had accumulated 
in the lake since 2001. The dating profile was adjusted accordingly by applying a date of AD 
2001 to the 2 cm depth interval and a date of AD 2010 to the top of the core (0 cm). 
 
4.4.2  14C Dating 
Radiocarbon dates from fir needles from sediments at 41.75cm in Larvae Lake and 31.25 
cm in Workman Lake were both AD 935 ± 55 years (Table 4.1). 
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Sample ID Material Dated Sample Weight (mg) 
Conventional 
Radiocarbon Age 
(years BP) 
Calibrated 
Radiocarbon 
Date (calendar 
years) 
10UN35415420 Fir Needle 4 1120 +/- 30 BP 935 ± 55 years 
10UN74310315 Fir Needle 4 1110 +/- 30 BP 935 ± 55 years 
 
TABLE 4.1: Information on 14C dating of Larvae Lake and Workman Lake. 
 
Figure 4.2:  Dating correction between the 2001 and 2010 Hidden Lake cores using down core 
Pb concentrations (ppm). The 2001 core was overlaid so that the peaks in Pb concentrations in 
the two cores lined up. Profile alignment occurred when the 2001 profile was shifted down 2 cm. 
Dates for depths were determined for 2010 as the date for the same depth (plus 2 cm) in 2001.  
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4.4.3 Age Models 
In Hidden, Divide and No Name Lake, where no suitable material was available for 14C 
dating, a linear regression was used to fit a line through the 210Pb dates, which was extended to 
the base of the core. This provides a rough estimate of dates below the lowermost 210Pb date.   
 In Larvae Lake, where a 14C date was available, a line was fitted between the lowermost 
210Pb date and the 14C date to provide an estimate of dates below the lowest 210Pb date. A similar 
method was applied at Workman Lake. However, because the lowermost 210Pb dated interval 
(AD 1835, depth of 14 cm) had significant error (± 205 years) and was inconsistent with the 
overall dating curve of the younger dates, the second last 210Pb date (AD 1861, 11.5 cm) was 
used to determine the linear age extrapolation to the base of the core. The total age represented 
by each core and estimated sedimentation rates based on these age models are summarized in 
Table 4.2.  
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Chronological 
Information 
 
Hidden Lake Larvae Lake Workman Lake Divide Lake 
No Name 
Lake 
 
Length of 
Core (cm) 
 
41 49 34.5 27.5 35.5 
 
Total Age of 
Core (years) 
 
~ 660 ~ 1288 ~ 1228 ~ 253 ~ 670 
 
Range of 
Sedimentation 
Rates for 
Dated 
Sections  
(years/0.5 cm) 
 
1–10 1-10 1-10 1-5 1-10 
 
Estimated 
Sedimentation 
Rates 
(years/0.5 cm) 
 
9 15 20 5 10 
 
 
TABLE 4.2: Estimated core ages and sedimentation rates of the five study lakes. Sedimentation 
rates for the dated sections of the cores represent the range of rates that occurred and the 
estimated sedimentation rates represent the linear extrapolation.  
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FIGURE 4.3: 210Pb radiometric activity (Becquerel/g dry weight) and age (years) against depth 
(cm) profiles for Hidden Lake. The dashed line represents the linear age model.  
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FIGURE 4.4: 210Pb radiometric activity (Becquerel/g dry weight) and age (years) against depth 
(cm) profiles for Divide Lake. The dashed line represents the linear age model. 
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FIGURE 4.5: 210Pb radiometric activity (Becquerel/g dry weight) and age (years) against depth 
(cm) profiles for No Name Lake. The dashed line represents the linear age model. 
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FIGURE 4.6: 210Pb radiometric activity (Becquerel/g dry weight) and age (years) against depth 
(cm) profiles for Larvae Lake. Dates below 41.75 cm, the radiocarbon dated interval, were 
extrapolated. The dashed line represents the linear age model applied between 1864 and 935 AD.  
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FIGURE 4.7: 210Pb radiometric activity (Becquerel/g dry weight) and age (years) against depth 
(cm) for Workman Lake. Dates below 31.25 cm, the radiocarbon dated interval, were 
extrapolated. The dashed line represents the linear age model applied between 1861 and 935 AD. 
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4.5 Physical and Chemical Characterization of Modern Uinta Mountain Dust 
4.5.1 Particle Size Analysis  
 The grain size of sediment particles being deposited from the atmosphere is similar 
across the Uinta Mountains (Figure 4.8). Dust 1, the closest collector to the study lakes, had the 
lowest modal grain size (6 µm) (Figure 3.4). The bulk of the material ranged between 1 µm to 10 
µm in diameter. Dust 2, located on the southern extent of the Uinta Mountains, was the next 
closest site to the study lakes. Modal grain size for the material collected at this site was ~ 10 
µm. This site exhibited a much larger range of material sizes, with the majority falling between 2 
µm and 40 µm in diameter. Dust 3, the furthest collection site relative to the study lakes, was 
located on the western extent of the Uinta Mountains. Modal grain size was 9 µm, and the bulk 
of the material fell between 2 µm to 30 µm in diameter. 
 
 
FIGURE 4.8: Grain size distribution of the < 63 µm fraction of material collected from the three 
dust sample sites (Dr. J. Munroe, personal communication, 2011). The y-axis is the amount of 
each size by volume and the x-axis is particle diameter. The thick pink dividing line indicates the 
63 µm cutoff.  
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4.5.2 X-Ray Diffraction  
 The mineralogy of the three dust samples were similar between sites (Table 4.3). Dust 1 
contained the greatest abundance of quartz (83%). It also contained assorted clay types (~ 10 %), 
and plagioclase (6 %). There was also a small proportion of potassium feldspar (1%). Dust 2 was 
also dominated by quartz (76 %) and assorted clays (~ 14 %). There were also equal parts 
plagioclase and potassium feldspar (~ 5 % each). Dust 3 was comprised of the lowest quartz 
abundance of the samples 70%. This sample had the highest clay content (19%). It also 
contained plagioclase (7 %) and potassium feldspar (5 %) in greater abundance than the other 
sites. Similar to grain size, dust 2 and dust 3 samples were more similar to each other than to 
Dust 1. Of note was the lack of carbonate minerals in all dust samples.  
 
 
 
 
 
 
 
 
 
 
 
 
 
81 
 
 
 
A
m
ph
ib
ol
e 
(%
) 0 0 0 
D
ol
om
ite
 
(%
) 0 0 0 
C
al
ci
te
 
 (%
) 
0 0 0 
C
hl
or
ite
 (x
2)
 
(%
) 
3.
68
 
3.
37
 
7.
22
 
Il
lit
e 
(x
4)
 
(%
) 
4.
91
 
6.
74
 
8.
25
 
K
ao
lin
ite
 (x
2)
 
(%
) 
1.
23
 
3.
37
 
 
3.
09
 
K
-S
pa
r 
(%
) 
1.
23
 
5.
06
 
5.
15
 
Pl
ag
io
cl
as
e 
(%
) 
6.
13
 
5.
62
 
6.
70
 
Q
ua
rt
z 
 
(%
) 
82
.8
2  
75
.8
4 
69
.5
9 
Sa
m
pl
e 
Si
te
 
D
us
t 1
 
D
us
t 2
 
D
us
t 3
 
 
 
T
A
B
L
E
 4
.3
: R
el
at
iv
e 
ab
un
da
nc
e 
(%
) o
f d
om
in
an
t m
in
er
al
 ty
pe
s c
on
ta
in
ed
 in
 m
at
er
ia
l s
am
pl
ed
 b
y 
th
e 
th
re
e 
du
st
 c
ol
le
ct
or
s. 
82 
 
4.5.3 Geochemical Analysis  
 Geochemical analysis of the three dust samples were compared to one another, as well as 
to crustal averages (Krauskopf and Bird, 1995) (Figure 4.9). In general, all three dust samples 
had fairly similar composition. Dust samples were enriched in phosphorus (P), arsenic (As), 
bismuth (Bi), barium (Ba), copper (Cu), ceasium (Cs), lead (Pb), tin (Sn), cadmium (Cd), 
antimony (Sb), beryllium (Be) and zinc (Zn) compared to the crustal averages. Dust 1 contained 
more copper (Cu) (~ 2X) and bismuth (Bi) (~2x) than the other two sites. 
 In order to determine “signature dust elements” (i.e., elements that are unique to the fine 
fraction of the dust), geochemical data from the < 63 µm fraction and > 63 µm fraction of 
material contained in the dust collectors, the soil A horizon and soil B horizons, surface sediment 
from the five study lakes, and local bedrock samples were analyzed. Dust signature elements 
were classified as elements that were in concentrations a minimum of 50X of that present in the 
bedrock samples. In addition, several elements that were below detection limit in the bedrock 
samples, yet near 50X the minimum detection value for a given element were also included. This 
classification system identified 31 major, minor, and trace elements dust signature elements, and 
included silver (Ag), arsenic  (As),  barium (Ba), bismuth (Bi), calcium (Ca), cadmium (Cd), 
copper (Cu), lithium (Li), sodium (Na), phosphorous  (P), lead  (Pb), antimony (Sb), strontium 
(Sr), zinc (Zn), aluminum (Al), caesium (Cs), cerium (Ce), zirconium (Zr), ytterbium (Yb), 
yttrium (Y), tungsten (W), rubidium (Rb), lanthanum (La), potassium (K), terbium (Tb), thallium 
(Tl), tin (Sn), lutetium (Lu), beryllium (Be), hafnium (Hf), and gallium (Ga) (Figure 4.10).  
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FIGURE 4.9: Dust sample chemistry compared to crustal averages. Highlighted elements are 
those that are in greater concentrations in Uinta Mountain dust samples compared to crustal 
averages.  
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FIGURE 4.9 continued: Dust sample chemistry compared to crustal averages. Highlighted 
elements are those that are in greater concentrations in Uinta Mountain dust samples compared to 
crustal averages.  
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FIGURE 4.9 continued: Dust sample chemistry compared to crustal averages. Highlighted 
elements are those that are in greater concentrations in Uinta Mountain dust samples compared to 
crustal averages.  
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FIGURE 4.10: Concentrations of signature dust elements in < 63 µm dust collector material, > 63 
µm dust collector material, soil A horizon and soil B Horizon material, surface sediment  material 
(average of five study lakes), and local bedrock material (average of six boulders sampled). 
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 FIGURE 4.10 continued: Concentrations of signature dust elements in < 63 µm dust collector material, > 
63 µm dust collector material, soil A horizon and soil B Horizon material, surface sediment  material 
(average of five study lakes), and local bedrock material (average of six boulders sampled). 
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FIGURE 4.10 continued: Concentrations of signature dust elements in < 63 µm dust collector material, > 
63 µm dust collector material, soil A horizon and soil B Horizon material, surface sediment  material 
(average of five study lakes), and local bedrock material (average of six boulders sampled). 
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FIGURE 4.10 continued: Concentrations of signature dust elements in < 63 µm dust collector material, > 
63 µm dust collector material, soil A horizon and soil B Horizon material, surface sediment  material 
(average of five study lakes), and local bedrock material (average of six boulders sampled). 
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4.5.4 Scanning Electron Microscopy – Energy Dispersive Spectroscopy  
 SEM-EDS analysis was conducted on material collected from dust sample site 1, the 
closest dust collector to the five study lakes, as well as a rock thick section from one of the 
boulders collected from the catchment of Hidden Lake. The dust material was largely composed 
of angular particles that were less than 10 µm in diameter. The results of the SEM-EDS analysis 
generally corroborate the XRD analysis of the dust samples.  
 The rock thick section was made up of over 90% silica (Si) and was void of many of the 
trace elements indicative of dust. SEM-EDS cannot detect light elements, such as lithium (Li), 
and as a result not all elements exhibit distinctive peaks and were not presented here. In addition, 
peaks for certain elements, such as bismuth (Bi) and lead (Pb), have considerable overlap and 
were also not shown here. Elements that showed clear intensities above background noise and 
that exhibited clear peaks were selected for presentation here. They include arsenic (As), barium 
(Ba), calcium (Ca), and copper (Cu) (Figure 4.11). 
Point analysis indicated that at least some of the calcium (Ca) was contained in apatite 
grains (Ca5(PO4)3(F,Cl,OH)); however, overlaying images for Ca and P failed to reveal 
significant overlap between these two elements, which suggests that Ca and P are not only found 
in apatite (Figure 4.28). Overlaying the calcium (Ca) and sodium (Na) (both in plagioclase) 
images and calcium and sulfur (S) (both in gypsum) images also did not show significant overlap 
between these elements either (Figure 4.12). 
Of note was the presence of a single piece of copper (Cu) that was less than 10 µm in 
diameter (Figure 4.11). The presence of a copper grain in such a small sample of dust is 
consistent with its predominance as a signature dust element based on bulk analyses.  
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Arsenic (As) 
 
Barium (Ba) 
 
Calcium (Ca) 
FIGURE 4.11: Images of As, Ba, Ca, Cu, and Na in dust 1 (left) compared to a local bedrock 
sample (right). Red colouration indicates the presence of the element. Absence of red in the 
bedrock sample indicates the absence of the element. 
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Copper (Cu) 
 
 
Sodium (Na) 
 
FIGURE 4.11 continued: Images of As, Ba, Ca, Cu, and Na in dust 1 (left) compared to a local 
bedrock sample (right). Red colouration indicates the presence of the element. Absence of red in 
the bedrock sample indicates the absence of the element. 
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Calcium (red) & Phosphorous (green) 
 
Calcium (red) & Sodium (green) 
 
FIGURE 4.12: Overlays of calcium (red) with phosphorous, sodium, and sulfur (green). Most of 
the sulfur depicted here is simply background noise as no clear bright green points stand out. 
This presentation was used so as to better see any potential overlap. 
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Calcium & Sulfur 
FIGURE 4.12 continued: Overlays of calcium (red) with phosphorous, sodium, and sulfur 
(green). Most of the sulfur depicted here is simply background noise as no clear bright green 
points stand out. This presentation was used so as to better see any potential overlap. 
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4.6 Changes in Uinta Mountain Dust Characteristics Over Time 
4.6.1 Particle Size Analysis 
  Three of the study lakes, Hidden, Larvae, and Workman, show an increase in the “dust” 
fraction of material and a decrease in mean grain size beginning around ca. AD 1900 (Figures 
4.13 to 4.15).  All three of these exhibited a general increase in the percentage of < 10 µm and    
< 2 µm grain sizes towards present day. In contrast, Divide and No Name Lake, located at higher 
elevations and farther to the west, showed little change in the percentage of material of < 10 µm 
and < 2 µm in diameter and in mean grain size (Figure 4.16 and 4.17).  
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FIGURE 4.13: Percentage of material with a diameter of < 10 µm, < 2 µm, and the mean grain 
size of the sample against depth (cm) and age (years) for Hidden Lake. The horizontal black line 
indicates ca. 1900 AD. The vertical black line indicates the average of the < 10 µm data series 
(Uinta Mountains dust size fraction). 
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FIGURE 4.14: Percentage of material with a diameter of < 10 µm, < 2 µm, and the mean grain 
size of the sample against depth (cm) and age (years) for Larvae Lake. The horizontal black line 
indicates ca. 1900 AD. The vertical black line indicates the average of the < 10 µm data series 
(Uinta Mountains dust size fraction). 
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FIGURE 4.15: Percentage of material with a diameter of < 10 µm, < 2 µm, and the mean grain 
size of the sample against depth (cm) and age (years) for Workman Lake. The horizontal black 
line indicates ca. 1900 AD. The vertical black line indicates the average of the < 10 µm data 
series (Uinta Mountains dust size fraction). 
 
 
 
 
 
 
 
 
99 
 
 
 
FIGURE 4.16: Percentage of material with a diameter of < 10 µm, < 2 µm, and the mean grain 
size of the sample against depth (cm) and age (years) for Divide Lake. The horizontal black line 
indicates ca. 1900 AD. The vertical black line indicates the average of the < 10 µm data series 
(Uinta Mountains dust size fraction). 
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FIGURE 4.17: Percentage of material with a diameter of < 10 µm, < 2 µm, and the mean grain 
size of the sample against depth (cm) and age (years) for No Name Lake. The horizontal black 
line indicates ca. 1900 AD. The vertical black line indicates the average of the < 10 µm data 
series (Uinta Mountains dust size fraction). 
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4.6.2 X-Ray Diffraction 
XRD analysis of sediments from all three lakes showed that the mineral composition of 
the sediments is similar between sites and has varied little over the last ~600 years (Figure 4.18 - 
4.22). The mineralogy of the lake sediments was similar to the dust. Sediments from all lakes 
were comprised mainly of quartz (60 - 75 %) with smaller amounts of potassium feldspar (5 – 10 
%), plagioclase (5 %) and various clay types (15 – 35 %). Workman Lake contained more clay 
than the other sites, and one sample from Divide Lake was enriched in potassium feldspar 
(12.75cm = 20% feldspar).  
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4.6.3 Geochemical Analysis 
All lakes showed increases in the signature dust elements Bi, Pb, Sb, Sn, and P. Four out 
of five lakes showed increases in Cu and Cd and three lakes showed increases in Ca and As. 
Lakes showing increases in the greatest number of dust elements (i.e., those lakes most affected 
by dust) were the low elevation sites Hidden and Larvae Lake (Table 4.4). All elements were 
plotted, as well as the ratio to the conservative element titanium in order to better understand the 
atmospheric contributions of each element above baseline levels, a technique adapted from 
Norton & Kahl (1987) (Appendix D). For each lake, dust elements were grouped into three 
different categories based on their overall trend towards present day: 1) increasing; 2) no clear 
trend, and 3) decreasing (Table 4.4). In all lakes, the timing when most dust elements began to 
increase was the later part of the 19th century and beginning of the 20th century.  
As the focus of this thesis was on changes in dust composition and its effects only three 
of the dust elements measured are illustrated here. These are 1) Ca, as an indicator of CaCO3 in 
dust, 2) P, as an indicator of changing nutrients in dust, and 3) Pb, as an indicator of changing 
metals in dust. At Hidden Lake (Figure 4.23) dust element concentrations and their ratios with Ti 
began to increase above background levels between ca. AD 1850 to ca AD 1900 (~ 8-10 cm 
depth). Most trace metals and P began to increase in ca. AD 1900. Bi, Cd, Pb and Sb began to 
increase slightly prior, beginning in ca. AD 1850. Calcium began to increase in ca. AD 1775. In 
Larvae Lake (Figure 4.24), elements and their ratios with Ti began to notably increase between 
ca. AD 1800 and ca. AD 1850 (~ 10-12 cm in depth). Trace metals began to increase in ca. AD 
1850 and P in ca. AD 1900. Calcium increased in ca. AD 1650.  In Workman Lake (Figure 4.25), 
the timing of increase began between ca. AD 1880 and ca AD 1920 (~ 8 – 10 cm depth). Trace 
metals began to increase in ca. AD 1875. Phosphorous began to increase in ca. AD 1950 and 
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calcium increased in ca. AD 1450.  In Divide Lake (Figure 4.26), the period of increase began in 
ca. AD 1900 (10.75 cm depth). Trace metals began to increase in ca. AD 1900. Phosphorous 
increased in ca. AD 1950 and Ca increased in ca. AD 1850.  In No Name Lake (Figure 4.27), the 
period of increase began in ca. AD 1900 (5.75 cm). Trace metals began to increase in ca. AD 
1900. Phosphorous began to increase in ca. AD 1900. The rate of increase in P notably 
accelerates after AD 1950. Calcium begins to decrease in ca. AD 1660. When corrected using a 
ratio with titanium (Ti), Ca/Ti began to increase in ca. AD 1720, about 60 years later than Ca is 
seen decreasing.  
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TABLE 4.4: Summary of changes in signature dust elements in all five study lakes. Colour 
coding shows elements that increased in all lakes (yellow), 4 lakes (green), and 3 lakes (blue). 
 
 
Type of 
Change 
 
Hidden Lake Larvae Lake Workman Lake Divide Lake 
No Name 
Lake 
 
Increasing 
 
Ca, Ba, Cu, P, 
Zn, Ag, Bi, Cd, 
Pb, Sr, As, Sb, 
W, Be, Sn, Ce, 
La, Lu, Tb, Y, 
Yb 
Cu, P, Ag, Bi, 
Cd, Pb, As, 
Sb, Sn, W, 
Ce, Ga, Hf, 
La, Rb, Tb, 
Y, Tl 
Ca, Ba, Cu, 
P, Bi, Cd, Pb, 
Sb, Sn 
Ca, Cu, P, 
Bi, Cd, Pb, 
As,  Sb, Sn 
P, Bi, Pb, Sb, 
Sn 
 
No 
Considerable 
Change 
 
-- 
Ca, Ba, Li, 
Zn, Sr, Zr, 
Yb, K, Be, 
Lu, Al 
Zn, Ag, As, 
Al, Cs, K, 
Be, Tl, W, 
Hf, Tb 
Zn, Ag, Sr, 
Al, Ce, Cs, 
Be, La, Lu, 
Tb, Y, Yb, 
Tl, W 
Cu, Ag, Cd,  
As, K, Be, 
Tl, W 
 
Decreasing 
 
Na, Li, Al, Zr, 
Cs, Ga, Hf, Rb, 
K, Tl 
Na Na, Li, Sr, 
Zr, Ce, Ga, 
La, Lu, Rb, 
Y, Yb 
Na, Ba, Li, 
Zr, Ga, Hf, 
Rb, K 
Ca, Na, Ba, 
Li, Zn, Sr, 
Al, Zr, Ce, 
Cs, Ga, Hf, 
La, Lu, Rb, 
Tb, Y, Yb 
110 
 
 
FIGURE 4.23: Ca, P, and Pb and their ratios with titanium in the sediment record of Hidden 
Lake against depth (cm) and age (years). The vertical black lines indicate the mean for each data 
series. The horizontal lines indicate the timing of increase. Pb is representative of trace metals. 
 
 
 
 
 
 
 
 
 
~ 1775 
~ 1900 
~ 1850 
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FIGURE 4.24: Ca, P, and Pb and their ratios with titanium in the sediment record of Larvae 
Lake against depth (cm) and age (years). The vertical black lines indicate the mean for each data 
series. The horizontal lines indicate the timing of increase. Pb is representative of trace metals. 
 
 
 
 
 
 
 
 
 
~ 1650 
~ 1900 
~ 1850 
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FIGURE 4.25: Ca, P, and Pb and their ratios with titanium in the sediment record of Workman 
Lake against depth (cm) and age (years). The vertical black lines indicate the mean for each data 
series. The horizontal lines indicate the timing of increase. Pb is representative of trace metals. 
 
 
 
 
 
 
 
 
 
~ 1450 
~ 1950 
~ 1875 
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FIGURE 4.26: Ca, P, and Pb and their ratios with titanium in the sediment record of Divide 
Lake against depth (cm) and age (years). The vertical black lines indicate the mean for each data 
series. The horizontal lines indicate the timing of increase. Pb is representative of trace metals. 
 
 
 
 
 
 
 
 
 
~ 1850 
~ 1950 
~ 1900 
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FIGURE 4.27: Ca, P, and Pb and their ratios with titanium in the sediment record of No Name 
Lake against depth (cm) and age (years). The vertical black lines indicate the mean for each data 
series. The horizontal lines indicate the timing of increase or decrease. Pb is representative of 
trace metals. 
 
 
 
 
 
 
 
 
 
~ 1660 
~ 1900 ~ 1900 
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4.6.5 Principle Components Analysis 
PCA was conducted using elemental chemistry of sediments from the study lakes to 
evaluate down core trends with regards to the 31 signature dust elements (Figure 4.28 to 4.32). 
All five study lakes showed significant compositional changes post ca. AD 1900. Following AD 
1900, PCA showed that all lakes become enriched in Sb, Pb, Bi, Sn, As, Cu, Cd. PCA 
eigenvalues for each analysis are summarized in Appendix F. 
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FIGURE 4.28: Principal components analysis (PCA) ordination plots showing A) signature dust element species and B) 
down core sample intervals for Hidden Lake. Each sample type is represented by a number (corresponds to sample types defined 
in Appendix E) and each signature dust element is marked with an arrow. Sample types that plot closer to one another are more 
similar in terms of their signature dust element chemistry (ter Braak & Smilauer, 2002). Arrows that have small angles between 
them are positively correlated, arrows that plot opposite to one another are negatively correlated and arrows plotted at right 
angles are uncorrelated (ter Braak & Smilauer, 2002). Long arrows with small angles to an axis have a greater influence on that 
axis. 
B) 
A) 
2003 
1958 
1913 
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FIGURE 4.29: Principal components analysis (PCA) ordination plots showing A) signature dust element species and B) 
down core sample intervals for Larvae Lake. Each sample type is represented by a number (corresponds to sample types defined 
in Appendix E) and each signature dust element is marked with an arrow. Sample types that plot closer to one another are more 
similar in terms of their signature dust element chemistry (ter Braak & Smilauer, 2002). Arrows that have small angles between 
them are positively correlated, arrows that plot opposite to one another are negatively correlated and arrows plotted at right 
angles are uncorrelated (ter Braak & Smilauer, 2002). Long arrows with small angles to an axis have a greater influence on that 
axis. 
B) 
A) 
2001 
1969 
1921 
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FIGURE 4.30: Principal components analysis (PCA) ordination plots showing A) signature dust element species and B) 
down core sample intervals for Workman Lake. Each sample type is represented by a number (corresponds to sample types 
defined in Appendix E) and each signature dust element is marked with an arrow. Sample types that plot closer to one another are 
more similar in terms of their signature dust element chemistry (ter Braak & Smilauer, 2002). Arrows that have small angles 
between them are positively correlated, arrows that plot opposite to one another are negatively correlated and arrows plotted at 
right angles are uncorrelated (ter Braak & Smilauer, 2002). Long arrows with small angles to an axis have a greater influence on 
that axis. 
B) 
A) 
2004 
1960 1919 
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FIGURE 4.31: Principal components analysis (PCA) ordination plots showing A) signature dust element species and B) 
down core sample intervals for Divide Lake. Each sample type is represented by a number (corresponds to sample types defined 
in Appendix E) and each signature dust element is marked with an arrow. Sample types that plot closer to one another are more 
similar in terms of their signature dust element chemistry (ter Braak & Smilauer, 2002). Arrows that have small angles between 
them are positively correlated, arrows that plot opposite to one another are negatively correlated and arrows plotted at right 
angles are uncorrelated (ter Braak & Smilauer, 2002). Long arrows with small angles to an axis have a greater influence on that 
axis. 
B) 
A) 
2007 
1964 
1994 
1936 
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FIGURE 4.32: Principal components analysis (PCA) ordination plots showing A) signature dust element species and B) 
down core sample intervals for No Name Lake. Each sample type is represented by a number (corresponds to sample types 
defined in Appendix E) and each signature dust element is marked with an arrow. Sample types that plot closer to one another are 
more similar in terms of their signature dust element chemistry (ter Braak & Smilauer, 2002). Arrows that have small angles 
between them are positively correlated, arrows that plot opposite to one another are negatively correlated and arrows plotted at 
right angles are uncorrelated (ter Braak & Smilauer, 2002). Long arrows with small angles to an axis have a greater influence on 
that axis. 
B) 
A) 
2001 
1958 
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4.7 Ecological Impacts of Dust Deposition 
4.7.1 Cladoceran Assemblages 
The main purpose of examining the subfossil cladoceran assemblages was to determine 
whether they tracked changes in dust composition and deposition, which I expected to be Ca-
rich. To this end only a few samples above and below any observed changes in Ca were 
enumerated. In two lakes, Hidden and Larvae, Cladocera disappeared in the uppermost samples 
despite Ca increasing. In the other three lakes, Workman, Divide and No Name Lake, the 
changes in daphniids appeared to follow the changes in Ca. The general changes in Cladocera 
community composition are summarized for each lake below.   
 
Hidden Lake 
 A total of fourteen taxa were identified in the sediments of Hidden Lake (Figure 4.33a). 
Unfortunately, despite an increased counting effort, the concentration of remains from samples 
0.75 cm and 20.75 cm were so low that it was not possible to perform a meaningful analysis, so 
the interval was classified as too few to count and excluded from further analysis. Although it is 
possible that there was an error in processing these samples, it is unlikely because other 
indicators that are isolated alongside Cladocera (i.e., pollen, chironomids) were observed in the 
sample. It is more likely Cladocera were not present in the samples, although it is possible that in 
the 0.75 cm sample the high water content diluted the concentration of Cladocera. Planktonic 
Cladocera, mainly Daphnia spp. (Daphnia longispina and Daphnia pulex), dominated the 
assemblages.  These calcium-dependant taxa made up between 50 – 70 % of the Cladocera 
community in Hidden Lake. There was no clear relationship between their abundance and down 
core calcium concentrations (Figure 4.33b). Bosmina spp., which are most competitive in low-
122 
 
calcium systems, (Yan & Jeziorski, 2006; Jeziorski et al., 2008) were in low abundance (1 – 5 
%).  Littoral communities were diverse and comprised of chydorids. Most chydorids were 
present in relatively low abundances. Notable changes occurred in Alona quadrangularis, A. 
affinis, and A. intermedia , which disappeared above 30.75 cm in depth. Little is known about 
littoral cladoceran communities, although some data indicates that A. quadrangularis and A. 
affinis may be sensitive to increases in trace metal contamination (Jennifer Korosi, unpublished 
data). 
 
Larvae Lake 
 Eighteen taxa were observed in the sediments of Larvae Lake (Figure 4.34a). Despite a 
greatly increased counting effort, the concentration of remains at a sample depth of 0.75 cm were 
too low to perform any meaningful analysis. This was probably the result  of dilution of the 
sample by the  high water content of the top 1 cm. Planktonic taxa occurred in Larvae Lake in 
much lower abundance than in Hidden Lake. There was no correlation between Daphnia spp. 
abundance and calcium concentrations down core (Figure 4.34b).  The main planktonic species 
was Daphnia pulex, a species that prefers higher aqueous calcium concentrations (Jeziorski et 
al., 2008). Despite fluctuating calcium levels down core there was little variation in the 
abundance of this species (~ 3 %). The other Daphnia spp., Daphnia longispina, appeared in the 
record above 25 cm in low abundance (~1 %). The littoral assemblage was much more diverse 
than the planktonic community and was dominated by chydorid species. The main change in the 
littoral Cladocera community was an increase in several Alona spp. 
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Workman Lake 
 A total of thirteen taxa were identified in the Cladocera assemblage of Workman Lake 
(Figure 4.35a). The planktonic community was dominated by Daphnia longispina (30 – 50 %), 
and included low abundances of Bosmina spp (~1 %). The relative abundance of the calcium-
dependant Daphnia spp. may be tracking sediment calcium concentrations (Figure 4.35b). The 
littoral community of Workman Lake was more diverse than the pelagic community and was 
dominated by chydorids. Several Alona spp. declined in abundance following the increase of 
sedimentary calcium concentrations. Chydorous sphaericus exhibited small increases in 
abundance towards present day. 
 
Divide Lake 
Twelve taxa were identified in the sediments of Divide Lake (Figure 4.36a). The 
assemblage was dominated by the planktonic community. A distinct shift in the cladoceran 
assemblage occurred at ~ 15 cm which corresponds to the onset of increasing sedimentary 
calcium concentrations. Bosmina spp., which are most competitive in calcium-poor conditions, 
experienced a dramatic decrease in abundance from ~ 56 % to 7 % with increasing Ca. This 
coincided with significant increases in the calcium-dependent Daphnia taxa, D. longispina and 
D. pulex, from ~ 8 % to ~ 29 % and ~23 % to ~ 38 % respectively.  The relative abundance of 
Daphnia appeared to track increasing sedimentary calcium concentrations (Figure 4.36b). The 
littoral community of Divide Lake was less diverse than in the lower elevation lakes, but was 
still dominated by chydorids, Alona guttata and A. rectangula. Both decreased towards present 
day. 
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NoName Lake 
  Eleven taxa were observed in the sedimentary Cladocera assemblage of No Name Lake 
(Figure 4.37a). The planktonic community, represented by Bosmina spp. and D. pulex, 
experienced the most variation in the sediment record. Bosmina spp. varied between ~ 2% to      
~ 5%, and decreased towards the top of the core, whereas D. pulex increased from ~ 2% to over 
50% abundance towards present day. Daphnia taxa increased as sediment Ca concentrations 
increased (Figure 4.37b). The littoral community of No Name Lake was not as diverse as in 
some of the other study lakes; however, it represented a larger component of the overall 
Cladocera assemblage than the planktonic community. Alona affinis, A. quadrangularis, A. 
guttata, and A. rectangula all occurred in fairly high proportions prior to the dramatic increase in 
D. pulex that occurred in the top-most sample. Chydorous sphaericus only appeared in the 
topmost sample of No Name Lake.  
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FIGURE 4.33b: Total % relative abundance of Daphnia spp. (Ca dependant taxa) with down 
core Ca/Ti OMF against depth (cm) and age (years) for Hidden Lake. 
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FIGURE 4.34b: Total % relative abundance of Daphnia spp. (Ca dependant taxa) with down 
core Ca/Ti OMF against depth (cm) and age (years) for Larvae Lake. 
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FIGURE 4.35b: Total % relative abundance of Daphnia spp. (Ca dependant taxa) with down 
core Ca/Ti OMF against depth (cm) and age (years) for Workman Lake. 
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FIGURE 4.36b: Total % relative abundance of Daphnia spp. (Ca dependant taxa) with down 
core Ca/Ti OMF against depth (cm) and age (years) for Divide Lake. 
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FIGURE 4.37b: Total % relative abundance of Daphnia spp. (Ca dependant taxa) with down 
core Ca/Ti OMF against depth (cm) and age (years) for No Name Lake. 
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4.7.2 Loss-On-Ignition 
 
 Loss-on-ignition results show that high elevation lakes generally contain less organic 
material than low elevation lakes (Table 4.5). All lakes showed an increase in percent organics 
near the top of the sediment core, although it is less obvious at No Name Lake (Figure 4.38). The 
increase in organics begins in Hidden and Larvae Lake ca. AD 1913 and ca. AD 1914, 
respectively. In Workman Lake, Divide Lake, and No Name Lake the increase occurs later at 
approximately ca. AD 1960. 
 
 
Organic 
Content 
 
Hidden Lake Larvae Lake Workman Lake Divide Lake 
No Name 
Lake 
 
Average 
Organic 
Content 
(%) 
 
32.5 41.9 15.5 13.7 19 
 
Altitude (m 
above sea 
level) 
 
3156 3058 3193 3425 3307 
 
TABLE 4.5: Average organic content of the sediment cores from each of the five study lakes. 
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CHAPTER 5 
 
DISCUSSION 
 
5.1 Physical and Chemical Characterization of Uinta Mountains Dust 
 The research presented here represents important additions to our knowledge of the grain 
size and composition of dust being deposited into remote alpine ecosystems in northeastern Utah. 
Given the substantial distances that dust can be transported, potential sources for dust delivered 
to the Uinta Mountains are numerous. Although particles < 4µm in diameter have been shown to 
travel across the Atlantic from the Sahara in North Africa (Prospero et al., 1981), dust in the 
Uinta Mountains likely originates from the US southwest. Deserts of the southwestern United 
States are substantial dust sources, and materials could be moved hundreds of kilometers during 
a single wind event (Bach et al., 1996; Chadwick et al., 1999). Results of the particle size 
analysis from material collected in  the three dust collectors show that most of the material being 
deposited into the Uinta Mountains atmospherically is < 10 µm in diameter (i.e., fine or very fine 
silt and clay) (Wentworth, 1922). This size fraction falls within the < 20 µm fraction that has 
been shown to be transported hundreds of kilometers before dry/wet deposition (Yaalon & 
Ganor, 1973; Goudie, 1978; Pye, 1987). In southern Utah, 50% of the < 63µm component of the 
surface soils is <10 um (Reynolds et al., 2001) suggesting that the  < 10µm fraction is not unique 
to dust being deposited in the Uinta Mountains as it is also seen at lower elevation sites 
elsewhere in Utah.  A proximal dust source is also supported by previous research, which 
indicated that at least some components of dust to Uinta Mountain lakes was regional (Reynolds 
et al., 2009).  
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The elemental composition of dust can potentially tell us about the source of dust. 
Geochemical analysis of the fine and coarse fraction of the dust collector material, as well as 
underlying bedrock and soils, identified certain crustal elements, trace metals, and nutrients as 
signature dust elements. These elements are Ag, As,  Ba, Bi, Ca, Cd, Cu, Li, Na, P, Pb, Sb, Sr, 
Zn, Al, Cs, Ce, Zr, Yb, Y, W, Rb, La, K, Tb, Tl, Sn, Lu, Be, Hf, and Ga. Of these, P, As, Bi, Ba, 
Cu, Pb, Cs, Sn and Zn are also elevated above the average crustal composition potentially 
indicating an anthropogenic source for these elements (Krauskopf and Bird, 1995). Several 
studies have indicated that there is an anthropogenic component to dust in the southwest US 
related to mining, industrial and agricultural activities (Reynolds et al., 2001; Reheis et al., 2009; 
Neff et al., 2008). This research has suggested that manufacturing activities, fossil fuel 
emissions, mining and agriculture are, in part, responsible for the chemical composition of dust 
(Reheis et al., 2002; Reheis et al., 2008; Reynolds et al., 2001; Neff et al., 2008). In an  
investigation of surface soil horizons and dust samples from California and Nevada, Reheis et al. 
(2009) found that modern dust samples contained greater  concentrations  of As, Cd, Cr, Cu, Ni, 
Pb, and Sb than did surface soil horizons. These were the result of industrial emissions and local 
mining activities in the region. In other research from Deer Trail, Colorado, Reheis et al. (2008) 
found  elevated concentrations of  Cu, Pb, Zn, Bi, Ag, and P, which were attributed to inputs 
from urban (industry, fossil fuels) and manufacturing activities. Reynolds et al. (2009) suggested 
that increases in  trace metals in Uinta Mountain lake sediments was the result of elevated 
metals, related to mining operations, in dust. Stable isotope analysis of Pb showed that the Pb 
isotopic signature of dust in Uinta Mountain lakes was distinct to ore bodies at the Bingham 
Canyon Mine, one of the largest open-pit copper mines in the world located ~ 150 km west of 
the study area (Figure 5.1). The conclusions of Reynolds et al. (2009) are supported by my SEM-
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EDS analysis of the dust sample which showed a small copper particle (< 10 µm). The fact that a 
Cu fragment was found in such a small sample (< 0.1 g) of dust collected in a 2ft x 2 ft box at 
dust sample site 1 suggests that the atmospheric deposition of Cu into the system may be 
significant.  The geochemistry of all three dust sample sites was similar in terms of elements 
related to mining (i.e. As, Bi, Pb, Sn, Zn and Cu) with the exception of Cu and Bi, which were 
measured at concentrations at site 1 twice as high as at site 2 and 3. This was surprising 
considering that site 1 was the farthest from the Bingham Canyon Mine.  This could suggest that 
dust sample 1 is located in the area of greatest fallout for atmospheric Cu grains being generated 
at the mine, however it is unclear why Cu would be preferentially deposited over other metals.  
Copper (Cu) may also be primarily deposited via wet deposition in the summer months, as the 
eastern slopes of the Uinta Mountains typically receive the majority of precipitation in the form 
of rain during this season (Figure 2.2), and sites 2 and 3 are located on the western slopes (Figure 
3.4). Another potential explanation could be that Cu is diluted by other elements in the dust at 
sites 2 and 3, such as As, Nb, or Mn which are elevated at these sites relative to site 1.  
Elevated phosphorous (P) in the Uinta Mountain dust samples relative to the underlying 
bedrock could also be from mining. A large phosphate mine operated by Simplot Phosphates, 
LLC is located in the region (Figure 5.1). Agricultural operations upwind of the Uinta Mountains 
in the Wasatch Front and other regions are also a possible source of nutrient enrichment for these 
remote alpine lakes. SEM-EDS analyses of the dust suggests that some Ca and P may be in 
apatite, which could originate from nearby phosphate mines (Figure 5.1). Alternatively, if 
agriculture was a key source for P then it would be expected that other elements associated with 
soil erosion and fertilizer use, such as Ca, Mg, Na, K (Neff et al., 2008) and Cd (Williams & 
David, 1973; Grant & Sheppard, 2008) would also be elevated. In a study of lake sediments in 
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the San Juan Mountains, Colorado, a five-fold increase in the amount of K, Mg, Ca, N, and P 
into this alpine ecosystem was reported as a result of human settlement and agriculture in the 
region (Neff et al., 2008). The Uinta Mountain dust samples are elevated in Ca, Na and Cd 
compared to the underlying bedrock suggesting agriculture is a possible source for P and these 
other elements. However, the concentrations of Ca and Na are not above crustal averages 
suggesting that the elevated levels (compared to the average crustal composition) are not 
necessarily due to anthropogenic activities. Phosphorous (P) fertilizers often are contaminated 
with cadmium (Cd) (Williams & David, 1973; Grant & Sheppard, 2008). The presence of Cd and 
P at concentrations elevated above average crustal compositions would indicate that fertilizers 
are a possible source of P, which results indeed show (Figure 4.21). Therefore, several potential 
sources of P for the Uinta Mountain dust are possible.   
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FIGURE 5.1: Map showing general location of the study lakes relative to several active and 
proposed mining operations in the region.  
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Although the elevated Ca concentrations in the dust samples relative to the underlying 
bedrock could be the result of mining or agriculture, elevated Ca could also be the result of 
erosion of Ca minerals, such as calcite or gypsum, from desert soils or playa sediments. Several 
substantial playas exist in California, Nevada and Utah that, depending on wet/dry season cycles, 
could serve as dust sources for alpine areas (Reynolds et al., 2007). My XRD analysis of the dust 
samples, however, found no calcite (CaCO3) or gypsum (CaSO4) in the dust. This could be 
explained by acidic precipitation causing such minerals to disassociate in the dust collectors.   
Geochemical analysis of dust, soil, lake sediment, and bedrock in this study demonstrated 
that there are a large number of elements being deposited atmospherically that are virtually 
unavailable from the underlying bedrock, which is quartzite. It is likely that sources for such 
contaminants will only increase in the future. For example, two tar sand mines, one currently 
operating (Time Asphalt Ridge, LLC) and another proposed, owned and operated by Wembco, 
Inc.  (Bon & Wakefield, 2008) in the Uinta Mountains could increase mining contributions to 
dust. Research in Alberta, Canada has shown that the development of tar sand mining operations 
has a significant effect on the amount of contaminant material that is deposited atmospherically 
in surrounding areas (Kelly et al., 2010). Kelly et al. (2010) found significant quantities of Sb, 
As, Be, Cd, Cr, Cu, Pb, Hg, Ni, Se, Ag, Tl, and Zn in the snow pack surrounding mining sites 
with increasing concentrations closer to the mine. These elements are all considered priority 
pollutants (PPE) under the US Environmental Protection Agency's Clean Water Act. Other 
mining projects proposed in the area surrounding the study lakes include the development of two 
additional phosphate mines located northwest of Vernal, Utah by Utah Phosphate, which is 
owned by the large Canadian mining firm Agrium Inc. (Deseret News, 2012). 
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5.2 Changes in Uinta Mountain Dust Characteristics Over Time 
 Based on the results of the particle size analysis of the sediment cores of the five study 
lakes it appears that the amount of fine fraction material entering the mid-elevation sites has 
increased post ~ ca. AD 1900. This is most likely due to increased dust from erosion as a result 
of land clearance, agriculture and urbanization of areas proximal to the Uinta Mountains (Belnap 
& Gillette, 1997; Wilshire, 1980; Gill, 1996; Neff et al., 2008). The mid-elevation sites, Hidden, 
Larvae and Workman Lake, record an overall increase in the abundance of fine particles (dust) 
beginning in the late 1800s and early 1900s. Such changes are not apparent in the two high 
elevation sites, which show either no change or an increase in mean grain size during this period.  
This was unexpected, as one would assume that the more exposed higher elevation sites would 
receive greater amounts of dust. However, it is possible that the high elevation lake catchments 
have been affected by increased erosion as a result of sheep and cattle grazing (peaking in the 
early 1900’s) (Ashley Forest Grazing Records) at the same time dust increased. This would 
result in an increased amount of coarse (larger) fraction material entering Divide and No Name 
Lake, masking any increase in fine fraction material due to increased dust.  
 Although the increased dust influx to the Uinta Mountains is related to human activities, 
it is also possible that climate has played a role. Increased aridity tends to reduce vegetation and 
result in increased soil erosion (Prospero et al, 2002; Tegen et al., 2002; Washington et al., 2003; 
Maher et al., 2010). In the 1900’s, several periods of drought occurred in the United States, 
including the famous 1930’s Dust Bowl, as well as several other short term periods of drought in 
the southwestern United States (Diaz, 1983; Karl & Heim, 1990; Woodhouse, 2004). However, 
in the remote setting of the Uinta Mountains, the compositional changes observed in the dust and 
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lake sediments dust are much more likely a result of recent anthropogenic activities than periods 
of increased aridity.   
Several elements related to mining and agricultural operations increase significantly 
above background levels post ~ ca. AD 1900. At all lakes several metals (Bi, Pb, Sb, Sn) and the 
nutrient P increased. As well, at 4/5 lakes Cu and Cd increased. PCA clearly shows that the 
sediment composition at all lakes has shifted dramatically as a result of increases in Cu, Sn, Bi, 
Sb, Pb, Cd and As after AD 1900. Similarly, Reynolds et al. (2009) reported increases in Ag, As, 
Bi, Cd, In, Mo, Pb, S, Sb, Sn, and Te in the Uinta Mountains coincident with human settlement.  
These elements are generally associated with ore deposits linked to mining in the region. 
Reynolds et al. (2009) also noted an enrichment of P in the sediments beginning ca. AD 1950, 
and because of the timing attribute this change to atmospheric inputs from agricultural fertilizer 
as phosphorous use began to increase substantially around ca. AD 1940. However, the timing of 
the increase in P is also roughly coincident with the timing of the opening of the large P mining 
operations near Vernal, Utah. The apatite being mined at this location was for use as phosphate 
fertilizer. With the proposed development of additional phosphate mines in the area, it is likely 
that phosphorus (P) enriched dust will likely continue to effect the remote alpine ecosystem of 
the eastern Uinta Mountains.  
The findings of this thesis indicate a change in dust source over the past several decades 
likely resulting from the increasing disturbance of southwestern US landscapes by human 
activities that include mining, agriculture, and livestock grazing. These activities have been 
shown to increase dust emission from previously stable desert surfaces (Belnap & Gillette, 1997; 
Wilshire, 1980; Gill, 1996). 
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The geochemical analysis also showed that lake sediments were enriched in Ca above 
levels seen in local bedrock material. Calcium (Ca) increases above earlier concentrations in 
three of the five study lakes (Hidden, Workman, and Divide) towards present day and notable 
increases are also seen in Larvae Lake, beginning in ~ ca. AD 1650 and accelerating after ~ ca. 
AD 1900, although they are only slightly above previous concentrations observed in this lake. 
The timing of the onset of the increase in Ca varies between the lakes, but at all sites the change 
in Ca occurs prior to European settlement of the region; however, the precision and accuracy of 
dating events before AD 1850 is poor. When Ca concentrations are corrected using titanium 
(Ca/Ti ratio), which emphasizes changes in atmospheric loading of Ca, increases in Ca are 
evident in all five of the study lakes.  
XRD results of the lake sediment were similar to the results of the dust, and revealed no 
calcite or dolomite in the lake sediment record. Previous research has speculated on sources of 
calcium and the relationship to Uinta Mountain lake buffering from acidic precipitation. 
Christensen & Jewell (1998) suggested that the weathering of plagioclase minerals (NaAlSi3O8 – 
CaAl2Si2O8) in the local bedrock could explain the elevated calcium (Ca) concentrations in the 
Uinta Mountain lakes. The results of the research presented here, however, suggest that this is 
unlikely because Ca and Na do not increase in tandem as would be expected if plagioclase was 
the source of Ca. In fact, as Ca increases Na decreases in all five of the study lakes. In addition, 
the down core XRD analysis of the lake sediment also showed no appreciable change in 
plagioclase relative abundance over time. 
Another possible local source of Ca is the Ca-rich loess cap that has been observed in the 
eastern slopes of the Uinta Mountains; however, the age of this deposit is likely thousands of 
years old, much older than any of the lake cores in this study (Bockheim et al., 2010; Reheis et 
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al., 2009), suggesting that if the loess cap was causing an increase in Ca it would have occurred 
much earlier than that being reported here. Furthermore, it is unclear what would cause an 
increase in erosion of this cap in the region beginning between ~ 150 – 350 years ago. Also, if 
Ca was the result of soil erosion then the lake with the largest catchment relative to lake area 
would be expected to have the greatest inputs of Ca.  The lake with the largest catchment relative 
to lake areas (Table 2.2) is No Name Lake, yet Ca decreases at this site towards the present. 
 Another more recent potential source of Ca is mining in the region. At the phosphate 
mine, apatite is mined (Ca5(PO4)3(F,Cl,OH)), which has a Ca component.  However, another 
possibility is  a limestone mine located to the east of the study site run by Deseret Generation & 
Transmission (Figure 5.1) which opened in 1999 (Tripp, 2005). This mining operation represents 
a significant potential source of CaCO3 that could be deposited atmospherically into the study 
lakes. This limestone mine could potentially have significant effects on the water chemistry and 
ecology of these remote alpine lakes. 
 Calcite weathering of desert soils and subsequent eolian deposition is likely an important 
source of calcium to these remote alpine lakes. Atmospheric calcium deposition has been shown 
to be a significant factor for alpine ecosystems in several other studies (Williams & Melack, 
1991; Lotter et al., 1997; Psenner, 1999; Litaor, 1987). Why inputs would have increased 
beginning 150 to 350 years ago is unclear, but warrants further study.  
 
5.3 Ecological Impacts of Dust Deposition 
 Generally previous studies of dust composition and deposition have been viewed in a 
geoscience context and not an ecological one (Field et al., 2009). Previous paleolimnological 
research conducted on Hidden Lake by Moser et al. (2010) observed changes in the diatom 
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community composition downcore from dominant species that are indicative of acidic conditions 
(pH < 7 ) to more alkaline conditions (pH >7). This change, occurring ~ 22 cm downcore, 
occurred in conjunction with increases in the Ca/Ti ratio of the sediment toward present day. The 
authors suggested that the change in pH was a result of increased atmospheric deposition of Ca- 
rich dust, likely in the form of CaCO3, into the lake. In order to further explore this idea, the 
spatial scale of the study was expanded to include five lakes. In each lake, the downcore Ca 
concentrations were examined in league with the calcium sensitive organism, Cladocera.  
 
5.3.1 Ca and Cladocera 
 My research represents the first use of Cladocera as a paleoindicator of past 
environmental conditions in the Uinta Mountains, Utah. It also explores whether observations 
that Cladocera community composition is related to Ca concentrations (Lotter et al., 1997; 
Jeziorski et al., 2011) in Uinta Mountain lakes. The June-July lakewater Ca concentrations of the 
five study lakes are all just above the threshold needed for the successful growth, reproduction 
and survival of the most common daphniids of North America (in a laboratory setting, > 1.5 
mg/L, (Ashforth & Yan, 2008; Cairns, 2010).  More recent research examining down core 
daphniid remains in softwater Ontario lakes support these thresholds: Decreases in the relative 
abundance of daphniids have been seen in over 60% of lakes that have modern day calcium 
concentrations of <2.0 mg/L (Jeziorksi, 2011). Previous observations also suggest that within the 
cladoceran community daphniids are the most responsive to changes in Ca concentrations 
(Jeziorksi, 2011). 
 In contrast to the observations of low Daphnia spp. abundances in several low Ca (< 2 
mg/L), softwater Ontario lakes, in the Uinta Mountains study (Ca concentrations between           
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~ 1.5 – 2.0 mg/L) there are abundant daphniid remains in the surface sediments of three of the 
study lakes (~ 40 - 50%) that showed a relationship between sedimentary Ca concentrations and 
Daphnia spp. abundance. In addition, the alkalinity measurements of two of the five study lakes, 
Hidden and Larvae Lake, were similar to those of the lakes examined by Jeziorski (2011). The 
alkalinity measurements from the Uinta Mountains were between 3.1 – 3.6 mg/L CaCO3 and the 
mean alkalinity from 36 Ontario softwater lakes was 4.1 mg/L CaCO3.  
My results suggest that the relative abundance of Cladocera taxa previously shown to be 
Ca-dependant (daphiids) is only weakly related to sedimentary Ca/Ti ratios in the Uinta 
Mountains. In Workman, Divide and No Name Lake, daphniid abundances appear to track Ca/Ti 
ratios, but no clear relationship is observed in Hidden and Larvae Lake. In Ontario lakes 
Daphnia spp. were shown to be decreasing in response to decreasing Ca concentrations 
(Jeziorski et al., 2008). Potentially, this discrepancy could be due to incorrect identification of 
the Uinta Mountain lakes as Ca- poor. If they are not low Ca systems (<2 mg/L), Daphnia spp. 
would show no sensitivity to changes in the atmospheric loading of Ca.  The single-point 
midsummer (June - July) lake water samples may not be representative of yearly average Ca 
concentrations. Calcium concentrations might be confounded by the timing of Cladocera blooms 
or by widespread molting of daphniids in the lake. Daphniids moult frequently (Ebert, 1992) and 
lack the ability to store Ca while molting (Alstad et al., 1999), and as a result the majority of 
their calcium must be extracted from the water column immediately after molting (Hessen et al, 
2000; Rukke 2002a).  If the surface water sample was collected directly after a molt it would 
appear that the lake has very low availability of Ca, however this reduced state might be short 
lived. More frequent sampling throughout the year would allow for better insight into whether or 
not these lakes are in fact low Ca systems. Lakewater samples could also be used in conjunction 
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with trawls of the water column to assess the living pelagic Cladocera communities in order to 
give further insight to the relationship of daphniids and Ca in the Uintas. Other issues 
confounding the use of daphniids to track changes in historical calcium availability is the 
presence of certain species within the Daphnia species complex that do not leave uniquely 
identifiable remains and have been shown to have very low Ca tolerance. In particular, D. 
catawba, part of the D. pulex species complex, has proven to be resistant to low Ca and acidic 
conditions based on water column net hauls (Cairns, 2010; Jeziorksi, 2011).  
 The link between daphniids and Ca occurs due to relationships between daphniid 
reproduction and Ca concentrations. Ashforth and Yah (2008) show that, although reproduction 
can occur below 1.5 mg/L, reproduction was reduced due to delays in maturity, reduction of 
brood size, and number of broods, all reducing the intrinsic rate of natural increase. However, in 
the Uinta Mountain lakes the relative abundance of daphniids is consistently (~ 30 % on average) 
indicating that the community has not historically suffered from this reproductive repercussion. 
My data suggest that in the high alpine lakes of the Uinta Mountains the effects of low calcium 
availability are not as pronounced on the daphniid community overall relative to previous reports 
elsewhere. This implies additional factors may be at play to explain the differences between 
these study areas. These differences may be related to the fact that Uinta Mountain lakes were 
historically without fish, one of the main predators of Cladocera, and that they are remote and 
have generally been less affected by human activities compared to Ontario lakes.  
 
5.3.2 Other Changes in Cladocera Community Composition 
Changes in the littoral part of the Cladocera fossil assemblages are more difficult to 
interpret as there is little known about the ecology of this group. In all five lakes the littoral 
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communities were more diverse than the pelagic communities, which may partly be because 
littoral Cladocera are more taxonomically unique (Szeroczyńska & Sarmaja-Korjonen, 2007). 
Changes in the littoral communities of the five study lakes were subtle. Research in the Swiss 
Alps by Lotter et al. (1997) indicated that lakewater Ca concentrations explained considerable 
variation in Cladocera assemblages. However, it has been shown more recently that the littoral 
Cladocera community is relatively indifferent to Ca concentrations at levels recorded in the five 
study lakes (Jeziorski, 2011). This indifference was unexpected and attributed to possible micro-
habitat conditions in the littoral zone (i.e., near macrophytes) that were not well represented by 
surface water Ca concentrations (Jeziorski, 2011). In general, many of the large Alona species 
decrease in relative abundance in the top most samples of the Uinta Mountain lakes. This could 
be attributable to either increased proportions of planktonic species or an absolute increase in 
daphniid species, or to the introduction of planktivorous fish into the study lakes that would 
increase predation on the large, less mobile littoral community. However, fish predation would 
likely also result in a decrease in the large-bodied pelagic daphniids. Other potential causes for 
reductions in Alona species could be reduced light penetration as a result of increased 
productivity, which would adversely affect submerged vegetation and by extension the littoral 
Cladocera community (Hofmann, 2003). Environmental changes increasing aquatic macrophyte 
abundance, such as warmer temperatures and longer growing seasons, would also affect littoral 
Cladocera communities via changes to their primary habitat (Rautio, 2001). However, it is 
unlikely that climate-related variables are controlling littoral communities as the relative 
abundance of littoral communities decreases despite warming temperatures in the region, which 
would further plant growth and increase the extent of their habitat allowing for larger 
populations. Climate signals are likely being overridden by an increased atmospheric influx of 
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nutrients and minerals causing increases in the overall productivity of the system. Research has 
shown that trace metal contamination can have deleterious impacts on diatom algal communities 
(Catteneo et al., 2004), which is a major food source for the Cladocera population of the study 
lakes (Eggermont & Martens, 2011). Other more recent research has also highlighted negative 
impacts of trace metal contamination directly on littoral Cladocera communities. The abundance 
and diversity of littoral Cladocera decreased following the addition of copper sulphate to Trefry 
Lake in Yarmouth, Nova Scotia (Jennifer Korosi, unpublished data). However, with high 
temporal resolution of sampling, which would allow the timing of cladoceran community change 
to be matched to known environmental change, it is difficult to say for certain what are the 
primary drivers causing changes in the composition of the littoral cladoceran community in 
Uinta Mountain lakes.  
One Cladocera species, Chydorus sphaericus, is seen at its highest abundance in the 
topmost samples of Workman, Divide, and No Name Lake. Hofmann (1978a) suggests that this 
species is highly competitive in lakes contaminated with trace metals, because it has the ability to 
move into the pelagic zone when conditions are worse in the littoral zone. The increase seen in 
the topmost samples could be a result of a competitive advantage resulting from trace metal 
contaminants from mining entering the lakes atmospherically. 
 
5.3.3 Lake Productivity   
 The results of the LOI analysis of the five study lakes suggest that lake productivity in the 
region began to increase in between ca. AD 1900 and ca. AD 1950. This increase is also 
coincident with increased loading of P into the lakes atmospherically. Increased anthropogenic 
nutrient loading, especially of P, has been shown to increase the productivity of lakes (Keatley et 
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al, 2011; Carpenter, 2005; Smol, 2008; Smith & Schindler, 2009) and by extension the 
percentage organics content of the sediment.  The source of this increased phosphorous could be 
multi-faceted, but the timing of the change suggests that is related to anthropogenic activities in 
the region. Windblown phosphorous-rich topsoil from agricultural operations or phosphates from 
open pit mining operations are both potential P sources.  
Workman, Divide and No Name Lake have less organic sediments with a higher clay 
content than Hidden and Larvae Lake, which are organic and void of silty clays (Figure 4.1). 
Previous research has shown that more Daphnia spp. have exhibited a preference for nutrient-
rich systems than nutrient-poor systems (Bos & Cumming, 2003). Potentially, the more nutrient 
rich conditions of Hidden and Larvae Lake allowed for daphniids in these lakes to be less 
sensitive to changes in Ca. However, as the morphological remains of Daphnia spp. preserved in 
lake sediments do not allow for species level identification, it is impossible to identify which 
species made up the bulk of the daphniid community in each lake.   
 
5.4 The Future Effects of Dust on Lakes in Alpine Areas of Northeastern Utah 
 The assumed future increased deposition of dust in alpine ecosystems will have a variety 
of associated impacts on lake systems. High-elevation lakes and tundra ecosystems are generally 
low in nutrient content and vulnerable to increases in atmospheric deposition (Sickman et al., 
2003). All my study lakes are relatively low in dissolved P, so even small additions of P could 
have resulted in significant ecosystem change. Studies have shown that dust deposited in alpine 
areas on mountain snowpack can have an indirect effect on climate by reducing albedo and 
increasing absorption of heat by particles on the snow surface (Painter et al., 2007; Steltzer et al., 
2009). This leads to removal of snow cover earlier and faster than previous conditions allowed.  
153 
 
This lowers total late-season water supplies in an area where seasonal water scarcity occurs. 
Increased dust influx can increase nutrient loading and the input of contaminants into historically 
nutrient-poor and undisturbed systems (Neff et al., 2008). Studies project that by 2050, increased 
temperature and aridity  is expected to decrease average soil moisture conditions in the 
southwestern US (Seager et al., 2007) to levels below those experienced during the most severe 
droughts of the 1900’s (Pulwarty et al., 2005). These declines in soil moisture will result in a 
reduced vegetative cover and an increase in dust emissions from exposed soil. Lower soil 
moisture will also likely result in an increase in wildfires in the western US (Ryan et al., 2008). 
Increased fire events will also result in reduced vegetation cover and amplify dust emissions and 
also increase the input of particulates and soot (Whicker et al. 2002; Ravi et al. 2007). The 
expansion of mining operations in the southwestern United States, and in particular the areas 
surrounding the Uinta Mountains, will increase the influx of trace metals and other contaminant 
that negatively affect  the development of primary producers (Catteneo et al, 2004) and 
consumers (Jennifer Korosi, unpublished data) and by extension the ecosystem as a whole. My 
research shows that human activities have had a significant impact on remote alpine ecosystems 
via atmospheric transport and deposition of material foreign to the system. It will become 
increasingly important in the future to be aware of the far-reaching impacts of resource 
exploration and industrial operations in the generation of dust, as well as potential changes 
associated with climate change that will exacerbate these effects. The role of dust and its effects 
will be a major consideration in the future with regards to policy as well as monitoring, 
management, and education initiatives in terms of the maintenance of environmental health, 
human health and the health of our freshwater ecosystems.   
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5.5 Future Work 
 My thesis research was exploratory and represents the first attempt at analyzing dust and 
Cladocera in Uinta Mountain lakes. Future studies should continue dust sampling throughout the 
year (as well as seasonally) and ideally construct additional sampling sites at various elevations 
to understand better spatial and temporal variability in dust deposition in the study area. Future 
studies should conduct higher resolution geochemical analysis on the five lake sediment cores, 
specifically in the period post ca. AD 1900, in order to ensure any shorter term variability or 
cyclical changes in the various dust elements were not missed in the initial analysis. Lastly, a 
higher resolution study of the downcore Cladocera changes for each of the five study lakes 
combined with higher resolution geochemical analysis would provide the possibility to develop a 
greater understanding of the relationship between Cladocera community structure and changes in 
the atmospheric deposition of Ca and trace metal contamination. Lake water column trawls 
would more precisely assess the Daphnia spp. ecology, allowing for a better understanding of the 
relationship between daphniid abundance and lakewater Ca concentrations.  In addition, I would 
institute a more rigorous surface water sampling regime covering more of the year in order to 
accurately determine whether or not these lakes are low in Ca continuously throughout the year.  
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CHAPTER 6 
 
CONCLUSION 
 
The research presented here supports the following conclusions: 
1. Dust in the Uinta Mountains was found to be fine to very fine silt and clay-sized 
particles (< 10 µm) and was distinct from the underlying bedrock owing to greater 
concentrations of Ag, As, Ba, Bi, Ca, Cd, Cu, Li, Na, P, Pb, Sb, Sr, Zn, Al, Cs, Ce, 
Zr, Yb, Y, W, Rb, La, K, Tb, Tl, Sn, Lu, Be, Hf, and Ga.. Of these, several were also 
in greater concentrations than the average crustal composition (P, As, Bi, Ba, Cu, Cs, 
Pb, Sn, and Zn), which indicates that dust to the Uinta Mountains is composed of an 
anthropogenic component. Interestingly, the mineralogy of the dust did not show the 
presence of any carbonate minerals, which would explain higher than expected 
lakewater pH values. 
  
2. In three of the five study lakes, the abundance of fine-grained sediments and, in 
particular, the percentage of sediments < 10 µm in diameter, increases from the past 
to the present beginning after ca. 1900 AD, indicating that the abundance of dust in 
lake sediments in the Uinta Mountains has increased after European-settlement. 
Lower elevation sites show increases in fine materials, whereas high elevation sites 
do not, which may be due to erosion associated with grazing in the catchments of the 
higher elevation sites diluting the atmospheric dust signal. 
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3. The mineralogy of the lake sediment exhibited little change over time and also a lack 
of carbonate minerals. Elemental stratigraphies and PCA of the elemental chemistry 
show that the main timing of dust compositional change is ca. AD 1900, coincident 
with the onset of mining in the area. This period is defined by a ubiquitous increase in 
all lakes of several metals related to mining, including Sn, Bi, Sb, Pb and of the 
nutrient P, related to mining and agriculture. In four of the five lakes, this period is 
also defined by increases in Cu and Cd, which are related to mining and agriculture 
respectively. All five lakes also show increasing Ca/Ti ratios, which suggests 
increases in atmospheric deposition of Ca, yet this increase occurs prior to European 
settlement. The increased atmospheric deposition of metals and nutrients in the lake 
sediments indicates that human activities in the region are altering the chemistry of 
what has often been considered a pristine ecosystem.  
 
4. Based on this preliminary investigation of cladoceran fossil assemblages, it would 
appear that Cladocera community composition in the Uinta Mountain lakes is 
unrelated to Ca concentrations in lakes.  More work, however, is needed to better 
assess the relationship between lakewater and sediment concentrations of Ca, as well 
as between lakewater Ca concentrations, alkalinity and Cladocera community 
composition. Other factors, such as trace metal contamination and fish stocking, may 
have driven changes in the Cladocera community of the Uinta Mountains. Higher 
resolution analysis of Cladocera communities in the Uinta Mountains is needed to 
determine environmental drivers of ecological change over time.  
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5. All of the study lakes experienced increases in productivity coincident with increased 
phosphorous deposition in the system. This increased phosphorous deposition 
occurred ~ 1950 to 1960 and is coincident with the expansion of phosphate mining 
and intensified agriculture in the region. 
 
6. As mining and agricultural operations in the region surrounding the Uinta Mountains 
intensify, and climate conditions that contribute to the generation of dust in the 
southwest US become worse, atmospheric dust deposition and its effects will also 
likely increase. Recently, the importance of the evaluation and monitoring of the 
effects of tar sand development and its role in the generation of atmospheric 
contaminants has been highlighted in Alberta (Schindler, 2010). The role of 
environmental monitoring in determining the effects of future mining development on 
the remote alpine lakes in the Uinta Mountains is paramount as operations continue to 
expand.   
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APPENDIX A: Summary of surface water (0-1 m) data collected from the five study lakes. 
 
 
 
 
 
Environmental 
Variable Hidden Lake Larvae Lake 
Workman 
Lake Divide Lake 
No Name 
Lake 
July 2010 
Max Depth (m) 15.1 8.2 3.7 21.3 4.0 
Temperature 
(ºC) 15.5 18.3 13.2 8.6 12.4 
DO (mg/L) -- 6.6 -- -- -- 
 DO (%) -- 101.0 -- -- -- 
pH 7 6.4 7.33 7.6 7.6 
Secchi Depth 
(m) -- -- -- -- -- 
Alkalinity 
(mg/L CaCO3) 
-- -- -- -- -- 
  Salinity (ppt) 0 0 0 0 0 
  
Specific  
Conductivity 
(µS/cm) 
 
17.2 17.6 17.1 14.9 16.7 
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Environmental 
Variable Hidden Lake Larvae Lake 
Workman 
Lake Divide Lake 
No Name 
Lake 
September 2010 
Max Depth (m) 15.1 8.2 3.7 21.3 4 
 
Temperature 
(ºC) 
 
11.2 11.6 8.7 -- -- 
DO (mg/L) 7.56 7 7.8 -- -- 
DO (%) 101 93.5 97.7 -- -- 
 pH 5.3 (1 m) 5.8 (1m) 
 
6.6 
 
-- -- 
Secchi Depth 
(m) 4.8 3.8 2.5 -- -- 
Alkalinity 
(mg/L CaCO3) 
3.4 3.6 4.5 -- -- 
Salinity (ppt) 0 0 0 -- -- 
Specific 
Conductivity 
(µS/cm) 
15 18 16 -- -- 
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Environmental 
Variable Hidden Lake Larvae Lake 
Workman 
Lake Divide Lake 
No Name 
Lake 
June 2011 
Max Depth (m) 15.1 8.2 3.7 21.3 4 
 
Temperature 
(ºC) 
 
-- 12.7 10.1 -- -- 
DO (mg/L) -- 5.8 7.3 -- -- 
 DO (%) -- 88.8 98 -- -- 
 pH 6.6 
 
6.2 
 
6.6 -- -- 
Secchi Depth 
(m) 2.2 2 1 -- -- 
Alkalinity 
(mg/L CaCO3) 
3.1 3.4 3.6 -- -- 
 Salinity (ppt) -- -- -- -- -- 
Specific 
Conductivity 
(µS/cm) 
-- 17 13.5 -- -- 
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Environmental 
Variable Hidden Lake Larvae Lake 
Workman 
Lake Divide Lake 
No Name 
Lake 
September 2011 
Max Depth (m) 15.1 8.2 3.7 21.3 4 
 
Temperature 
(ºC) 
 
13.7 11.2 -- -- -- 
 DO (mg/L) 6 7.2 -- -- -- 
DO (%) 84.2 94 -- -- -- 
 pH 6.7 6.5 -- -- -- 
Secchi Depth 
(m) -- -- -- -- -- 
Alkalinity 
(mg/L CaCO3) 
-- -- -- -- -- 
Salinity (ppt) 0 0 -- -- -- 
 Specific 
Conductivity 
(µS/cm) 
13 16 -- -- -- 
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Environmental 
Variable Hidden Lake Larvae Lake 
Workman 
Lake Divide Lake 
No Name 
Lake 
June 2012 
Max Depth (m) 15.1 8.2 3.7 21.3 4 
 
Temperature 
(ºC) 
 
10.8 13.8 -- -- -- 
 DO (mg/L) 6.5 5.9 -- -- -- 
DO (%) 85.5 83.4 -- -- -- 
 pH 6.7 6.5 -- -- -- 
Secchi Depth 
(m) -- -- -- -- -- 
Alkalinity 
(mg/L CaCO3) 
-- -- -- -- -- 
Salinity (ppt) 0 0 -- -- -- 
 Specific 
Conductivity 
(µS/cm) 
14 18 -- -- -- 
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APPENDIX B: Temperature, dissolved oxygen  (DO), specific conductivity, and pH profiles for 
all five study lakes. Owing to equipment failures DO & pH are not available for Divide & No 
Name Lake. 
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APPENDIX C: Water chemistry results from surface water samples from the five study lakes. 
Chemical 
Variable Hidden Lake Larvae Lake Workman Lake Divide Lake No Name Lake 
 
Al 
(µg/L) 
 
88.65 128.20 51.58 14.28 28.23 
 
Ba 
(µg/L) 
 
37.65 8.34 48.32 12.12 34.40 
 
Ca  
(mg/L) 
 
1.86 2.02 1.91 1.57 1.98 
 
Fe 
(µg/L) 
 
59.02 28.91 56.30 57.20 22.16 
 
K 
(mg/L) 
 
0.34 0.31 0.26 0.28 0.29 
 
Li 
(µg/L) 
 
Below  
Detection 
Limit 
Below  
Detection 
Limit 
Below  
Detection 
Limit 
0.39 
Below  
Detection 
Limit 
 
Mg 
(mg/L) 
 
0.43 0.51 0.37 0.29 0.33 
 
Mn 
(µg/L) 
 
6.38 4.18 1.88 7.77 0.37 
 
Na 
(mg/L) 
 
0.46 0.48 0.46 0.41 0.39 
 
P  
(µg/L) 
 
5.54 5.25 6.55 5.52 5.49 
 
Si 
(mg/L) 
 
0.74 0.19 0.38 0.19 0.61 
 
Sr 
(µg/L) 
 
10.21 10.69 9.53 7.94 7.98 
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APPENDIX D: Plots of down core concentrations of Ti (% OMF) and the 31 signature dust 
elements (plotted as % OMF and as a ratio with Ti) for each of the five study lakes. For each 
lake, dust elements are grouped by those that 1) increase, 2) show no change, or 3) decrease. 
 
 
 
 
Down core titanium concentrations (% OMF) against age (years) and depth (cm) for each of the 
five study lakes. 
 
 
 
 
 
 
 
 
 
Hidden Lake Larvae Lake Workman Lake Divide Lake No Name Lake 
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APPENDIX E: PCA codes and sample information for the analysis of the five study lakes. 
Hidden Lake 
Sample Depth Sample Age PCA Code 
1.5 2003 1 
5.5 1958 2 
7.75 1913 3 
10.75 1842 4 
12.75 1821 5 
15.25 1780 6 
17.75 1738 7 
20.75 1688 8 
25.25 1613 9 
30.75 1522 10 
35.25 1447 11 
40.25 1364 12 
 
Larvae Lake 
Sample Depth Sample Age PCA Code 
2 2001 1 
4.5 1969 2 
7.5 1921 3 
10.75 1842 4 
12.75 1784 5 
15.5 1703 6 
215 
 
17.5 1645 7 
20.5 1557 8 
25.5 1411 9 
30.5 1264 10 
38.5 1030 11 
47.5 767 12 
 
Workman Lake 
Sample Depth Sample Age PCA Code 
1 2004 1 
5.25 1960 2 
7.75 1919 3 
10.75 1884 4 
12.75 1852 5 
15.25 1685 6 
17.75 1568 7 
20.75 1427 8 
25.75 1193 9 
29.75 1005 10 
33.75 818 11 
 
Divide Lake 
Sample Depth Sample Age PCA Code 
0.75 2007 1 
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2.75 1994 2 
5.75 1964 3 
7.75 1936 4 
10.75 1911 5 
12.75 1887 6 
15.75 1865 7 
17.75 1847 8 
20.75 1819 9 
23.75 1792 10 
26.75 1764 11 
 
No Name Lake 
Sample Depth Sample Age PCA Code 
0.75 2001 1 
2.75 1958 2 
5.75 1897 3 
7.75 1864 4 
10.75 1807 5 
12.75 1769 6 
15.75 1713 7 
18.25 1665 8 
20.75 1618 9 
25.75 1524 10 
34.75 1353 11 
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APPENDIX F: Summary of PCA eigenvalues for the five PCA. 
 
 
PCA Data PC1 PC2 PC3 PC4 
 
Hidden Lake 0.86 0.06 0.03 0.02 
 
Larvae Lake 0.88 0.05 0.03 0.02 
 
Workman Lake 0.62 0.23 0.06 0.04 
 
Divide Lake 0.86 0.06 0.04 0.02 
 
No Name Lake 0.75 0.16 0.05 0.02 
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APPENDIX G: Cladocera species names and authors of Cladocera taxa identified in 
Hidden, Larvae, Workman, Divide, and No Name Lake.  
Species Name Author 
Bosmina spp.  Baird 1846 
Daphnia longispina  O.F. Müller 1785 
Daphnia pulex  Linnaeus 1758 
Alona affinis  Leydig 1860 
Alona guttata  Sars 1862 
Alona intermedia  Sars 1862 
Alona quadrangularis  O.F. Müller 1776 
Alona rustica  Scott 1895 
Alona costata  Sars 1862 
Alona rectangula Sars 1862 
Alonella excisa Fischer 1854 
Alonella exigua Lilljeborg 1853 
Chydorus gibbus  Sars 1890 
Chydorus sphaericus O.F. Müller 1776 
Chydorus piger Sars 1862 
Acroperus harpae  Baird 1834 
Alonopsis elongata Sars 1862 
Eurycercus spp.  Baird 1843 
Sida crystallina O.F. Müller 1776 
Latona setifera O.F. Müller 1776 
Graptoleberis testudinaria Fischer 1848 
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APPENDIX H 
GLOSSARY 
Cultural Eutrophication – nutrient enrichment from anthropogenic activities 
Dimictic – a lake that mixes twice a year, usually in the spring and autumn, and thermally 
stratifies in summer and winter.  
Epilimnion – a layer of warmer (less dense) surface water of a thermally stratified lake 
Eutrophic – nutrient rich lake 
Inorganics – are compounds that are considered to be inanimate, not of biological origin 
Hypolimnion – the colder (and denser), deepwater layer of a thermally stratified lake 
Krummholz - a particular feature of subarctic and subalpine tree line landscapes. Continual 
exposure to fierce, freezing winds causes vegetation to become stunted and deformed. 
Loss-on-Ignition – provides an estimate of the organic matter of sediments by weighing the loss 
of dried sediment after igniting it to 550 º C for a minimum of two hours 
Macrophyte – is an aquatic plant that grows in or near water and is either emergent, submerged, 
or floating 
Oligotrophic – nutrient poor-lake 
Organic Matter – is matter that has come from a once living organism 
Planktonic – organisms that spend their life cycle in the water column 
Principle Components Analysis – Indirect gradient analysis used to reduce large multivariate 
data sets to fewer dimensions of interrelated environmental variables. The first component 
extracted PCA accounts for maximal amount of total variance in the observed variables, but may 
be correlated to many. The second component will account for a maximal amount of variance in 
the data set that was not accounted for by the first component, and correlated with some 
variables that did not display strong correlations with principle component one.  
Polymictic – a lake that experiences entire water column mixing frequently (not thermally 
stratified for extended periods) 
Paleolimnology – a multidisciplinary science that uses the physical, chemical, and biological 
information preserved in lake sediments to reconstruct past environmental conditions. 
Thermal Stratification – the sinking of denser colder water causes a density difference between 
the upper warmer water preventing the entire water column from mixing 
Thermocline – the layer of maximum temperature change in a thermally stratified lake 
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